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This report describes work dome by Syracuse University Research Corporation
(SURC) under Contract No. DAAD05-72-C-0293 for the US Army Land Warfare
Laboratory to develop a flying prototype airborme foliage penetration (FIPEN)
Radar. A 140 MHz base station FOPEN radar was mounted in a DC-3 afrcraft
with the antenna mounted perpendiculzr to the flight path. Data was gathered
which enabled the radar cross section of different types of foiiage to be
determined. A target of known radar cross section, a corner reflector, was
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fabricatxrd and ueed to csglibrate the gystex.

Measurements were then made on diiferent types of targets located in the open
asd concealed by foliage. The targets included the corner reflector, small
to large ctrucks, two artillery pieces, and a UH-1D helicopter both with and
without rotor blade movement.

It was determined that the radar cross section of the foliage was tco large .o
permit relfiable detections of concealed targets for the resolution of the
measurement system, and a decision #as made to raduce the opecating frequency
to 50 MHz. Modifications were made to the data recording system, radar, and
antenna, after which additional clutrter and calibrated target {dipole)
measurements were made. The results showed « dramatic reduction in clutter
cross section and iadicate that a simple static target detection systen is
feasible.

In parallel with the data gathering program, a primary signal precessor/display
system was developed based on the Fast Fourier Transform (FFT), a reliable

of f~the-shelf minicomputer. and an operators display with interactive graphics.
The system was completed and used to process, analyze and display the 140

and 50 MHz data.

Although ciose to producing the first practical airborne foliage penetration
radar, rhis program was terminated prematurely due to the closing of the
US Army Land Warfare Laboratory.
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PREFACE

This program was based on two prior contracts with the Syracuse
University Research Corporaticn (SURC). The first developed and fielded
several prototype 140 MHz FOPEN radars for Vietnam use; the seccnd flew
the base station 140 MHz FOPEY to determine the feasibility of an airborne
FOPEN system. Mr. Louis Surgent of the United States Army Land Warfare Lab-

oratory was the Army Program Manager for this and previous efforts.
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ABSTRACT

This report describes work done by Syracuse University Research
Corporation (GURC) under Contract Yo. DAADO5-72-C-0299 for the United States
Army Land Warfare Laboratory to develop a flying prototype airborne foliags
penetration (FOPEN) Radar. A 140 MHz base station FOPEN radar was mounted in
a DC- ! aircraft with the antenna mounted perpendicular to the flight pazn.
vata was gathered which enabled the radar cross section of different type; of
foliage to be etermined. A target of known radar cross section, a corner

reflector, was fabricated and used to calibrate the system.

Measurements were then made on different types of targets locatad
ia the open and concealed by foliage. Tae targets included the coruner reflector,
small to large trucks, two srcillery pieces, and a UH-1D helicecpter both with

and without roter bilade mnovement.

It was determined that the radar cross section of the follage was too
large to permit reliable detections cf concealed targets for the resolution
of the measurement system, and a decision was made to reduce the operating
frequency tc 50 MHz. Mcdifications were made tc the data recording system,
rada~, and antenna after which additional clutter and calibrated target (a
dipole) measurements were made. The results shoved a dramatic reduction irn
clutter cross section and indicate that a simple static target detection system

is feasible.

In parallel with the data gathering program, a primary signal pro-
cessor/display system was developed based ocn the Fest Fourier .ransform (FFT),
a reliable off{-the-shelf minicomputer, aud an operators display with inter-
active graphics. The system was completed ané¢ usad to process, snalyze and

display the 140 and 50 MHz data.

Although close to producing the firer nrartizal . “ovne foliage
ge~ecration radar, this program was terminated prematur¢ly due to the closing

of the United States Army Land Warfare Laboratory.




g R e STy BRI R T IR fe

SUMMARY

This report describes work done by Syraciuse University Resszarch
Corporaticn (SURC) under Contract No. DAADO5-72-C-0299 for the United States
Army Land Warfare Laboratory to develop a flying prototype airborne follags
penetration (FOPEN) Rader. A 140 MBz base station POPEN radar was mounted in
8 [C-3 aircraft with the antenna wmounted perpendicular teo the flight peth.
Data was gathered which 2nubdled the cadar cross section of different trpes
nf follage to be determined. A tarpzt of known radar crnss section, a corner

reflector, was fabricated and used tc calibrare the system.

Measurements were then made o¢f different types of zargets located
in the open and concealed by foliage. The targets lucluded the coerner reflector,
small to large trucxs, two artillery pieces and a UH-1D heifcopter both with

and without rotor blede movement.

Tt was determined that the radar croes section of the {oliage was tco
large to permit relisble detections of concealied targets Zor the resclution
of the measurement system, and & decision was msde to reduce the operating
frequency to 50 MHz., Modifications were made to the data recording system,
radar, and antenna, after which aaditicnal clu =2r aud calibraeted target
dipcle) measurements were mace. The results showed 2 dramatic reduction in
clutter cress section and indicate that a simple static target Jetoction

gystenm is feagible.

In parallel wiin the dats gathering program, a primary signal pre-

: cagsnr/display systexn was develcped based on the Fast Tourie. Transform (FFT)
on a reliable off-the-shelf minicomputer, and on an operator's display with
interactive graphics. The system was completed and used to process, analyze

and display the 140 aud 50 MHz data.

The significant results and conciusions are summarized below:
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Taz ggta gathered gt toih 140 and 50 MHz wzs sufficiently re-
liable and repzstabiz to enable the measurement of the radar
craee sectlons of beth point targets and distribuced tsrgets.
Within the paraceters of the simpie 140 MHz gystemw, sufficient
ragclution was not avsilable to detect targets coucegzled by
folliage without falme alarme.

The detection of static targets cenceasled by foilage has been
demonstrated at 140 MHz cad sufficient data is szvailatle to show
the practicality of such a sysrem 1if the rracluzion cell were
reduced from 100' x 100" to 15" » 15%,

Reducing the radar frequency from 140 MHBz to 50 MHz =2ffectively
reduced the energy raceived from the cliutter by 15 A%,

A sizple, unfocused, side~looking rzdar is feasible ard could
be demonstrated with pominal chaages to the zxwisting HU Miz
radazr., The existing computer, signal rrocessor, and display
couid be flown to demonstrate this radsr with only a smail

program change.
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1.0 INTRODUCTIOK

The purpose of this report is to present the practical and theoret.cel
investigations into Moving Platform Folisge Penetration Radars (FCPEN)
completed by SURC under Comtract DAADO5-72-C-(0299.

The overall objective of this program vas to develop a prototype woving
platform FOPEN radar system which could —ake real time reliable detections
of targets which may or may nct be embedded in foliage. The developed
system was to be delivered as a fieldable system with its primary signal
processor based on a Fast Fourier Transform (FFT). An additional objective
was the establishment of a statistical model te form the basis of comparison
for the experimental data. At the conclusion of this program the equipment
was to be delivered to the U.S. Army Land Warfare Labora-ory (iWL).

The program was the culmination of two prior contracts successfully
completed by SURC for LWL. The first (Contract number DAAD05-08-C-0430)
witnessed the development of tne ORCRIST FOPEN radar, a VHF radar with foliage
penetration ability, which was utilized as an airborne instrwument to gather
data on the problems involved in developing an airborne FOPEN radar.

With its feasibility proven and operational usefulness decid~i;a second
program was initiated (Contract number DAADO5-71-C-0136). This pregram
required the instrumentation of a radar and data collection system. It
called for the collection of large amounts of pertinent dats and the
performance of a computer aided analysis of the data. The instrumented radar
is shown in Finge 1.0. This radar 19 described fully in the final report
of that program~ and is utilized (in varying form) iu the present program.
The computer aided data analysis was to determine the distinguishing
characteristics of the targe: and clutter doppler from the data collected.
As a result of the analysis, ¢ signal processing techaique was devised that
provided detection of targets from an airhornme platform. The feasibility
of detecting man-made objec:s such as cars, trucks, and buildings from
this platform was also demorstrated.

One of the primary and most siguificant results of the urogram was the
determination of a process that eliminated, tc a large extent, the doppler
retura due to the platform motion. Rased on the premise that the clutter
exhibited short-term stationarity (ard this was shown to be generally true)

a frequency filter was determined based on past clucter aistory. This
filtzr, which continually acdapted to thz clutter eavironment, greatly reduced
the doppler response due to the platform motion. In addition it was found

1SURC TR--71-249 "Moving Platform lavestigation for FOPEN Radar"”, November 1971.
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that fixed targets as well as moving targets could be ideprified irn some
situations through the use of doppler frequency descriminarion techniques.

Some general observations made during the analysis of the aata are as
follows:

1. Effecis of the stabiliz:tion of the platform are minimal because:
a. small platform motions are manifest as a contribution to
the Doppler spread of the main-beam clutter (due to the

. ground speed of the aircraft)

b. relatively long wavele: of carrier

¢, platform jirter is smoothed out in the spectral averaging
procedure used in the processing programs.

2. When crossing the boundary between two distinct clutter environments
the probability of false alarms is greatly increased. However, the
types of prucessing in use adapts to the clutter characteristics very
rapidly, and little change should be noted in the detection probabilities.

3. When flying over relatively homogeneous clutter the results have
indicated some degree of '"sheort-term stationarity'. Little change
is noted in the clutter spectrum as the time base of the gpectrum
is shifted.

| 4. The highest peak in the frequency domain corresponds to the Doppler

frequency of the main-veam boresight relative velocity (proportional
to the ground speed of the aircraft).

5. L. ge azimuthal beamwidths result in many spectral contributions at
frequencies below the peak (tapering off as a function of cos . and
according tc the antenna pattorn).

6. Relatively few contributionc above the peak are due to clutter (unless
it is moving clutter) and hence, targets approaching the aircraft stand
out above the noise more readily tha:n receding targets which compete
with non-moving clutter off the aircraft center line.

1.1 Program Objectives

The overall oblective of the program was to develop and deiiver a field-
able prototype airborne FOPEN radar system which can make real time reliable
r . detection of targets that wmay or may not be embeddad in foliage. This
fieldable system was to have a primarv signal processor based on the Fast
Fourier Transform (FFT), a reliable minicomputer, an operators position
with display, an instrumented radar, and an unfocused aperature.

W2




The data collected utilizing this system was to be included in the data
base accumuiated during previous programs. The establishment of a statistical
model was required to form the basis of comparison for the experimental data.

1.1.1 Additionel Frequency Utilized for System Improvement

During the course of the program it became apparent that a reductior in
carrier frequency would result in a reduction in clutter return of 15 to 20 dB.
This means? of improving the target to clutter ratio was implemented and
tested with expzcted results later in the program.

1.2 General Procedures

The conceptual radar and processor required the digitization of a doppler
signal derived from a base banded pulse dopnler radar with minicomputer
controlled digital doppler bear sharpening as the prime processing technique.
The pulse doppler radar wa. expected to be a Multi Purpose FOPEX radar3
furnished bty the government.

A fieldable prototype processcr was to be developed and utilized iu
conjunction with the basic radar. The processor would include a minicomputar,
a CRT display and a hardwired FFI. The FFT provides the doppler beam
sharpening function which is displayed in a map format ori the CkT.

Additionally, a statiscical model was to be estabiished to form the basis
of comparison for the experimental data. It was recognized at the outset
that a major portion of the program would need to bz devoted to instrumentation,
data collection, and analysis of data to establiish the validity of the model,
as well as, the validity of measured cross-sections of various types of
clutter, of targets, and of combinations of clutter and targets.

To accompli.h the program cobjectives the effort was divided into four
major sections wiich were:

1) Hardware Development
2) Analytical Studies
3) Data Collectien

4) Testing

2"Methods for Improving Target to Clutter Ratio For YOPEN Radar". SURC

proposal 1-2U134A, 24 September 1973J.

3"Foliage Penetration Radar: Historv and Leveloped Technology" by
L.V. Surgent, Jr. LWL Report 7474, Mav 1974.
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1.2.1 Hardware Development

The hardware development effort included the development of the hard-
wired Fast Fourier Transform, the developwent of a display, its refresh
memory and computer interfaces and the development of the hardware processor.

Section 2 describes in detail the data analysis system fabricated for the
program.

1.2.2 Analytical Studies

. The aralytical studies were concerned with the development of the
processing algorithms to be used by the radar processor, and with the
theoretical irnvestigation of the statistical aspects of clutter and the
effect of clutter on moving platform radars. These studies also provided
theoretical backup in the form of detection probability for targets of given
cross section ia various types of clutter and provided a basis for establishing
a clutter model and clutter cross section models.

The theoretical investigation into the effect of clutter on moving
platform radars was devoted to vegetation clutter and the statistical aspec:s
of that clutter. More specifically, the case studied was that of homogeneous
forest clutter. This case represented a simple ideal case that should be
understood prior to studying other cases of interest. Section 3 describes
the analytic studies concerning the development of processing algorithms.
Section 7 presents the results of the clutter statistics study.

1.2.3 Data Collection

Data collection formed a large portion of the program. Included in this
effort was the instrumentation of a side looking radar fixed to the test
aircraft. Data was collected in various forms at various locations and
added to the data bank.

Section 4 describes the data collection system utilized in the program.

1.2.4 Tecting

The testing program was extensive. The requirement for correlation
between the statistical mod:l and collected data is described in Sections 5,
6, 7, and 8.

1.3 Summary of Results

. — b s v

The objective ot fabricating a deliverable prototype moving plstform
. FOPEN radar system has been achieved. The data analysis and display portion
. is shown in Figure 1.1.
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1.3.1 Bries Dascription

A brief description of this system is inziuded here, however, for more
complete details refer to Sections 2 =ad 4.

The digital processing section of the FOPEN radar system consists of an
analog to digital interface, a Variar 620/L-100 minicompater, a hardware Fast
. Fourier Transform, a Digital TV display, and a keyset. Thie section inputs time
domain vadar data, converts it to doppler data, processes it and generates a
display on the CRT. The keyset is used by the operator to control this part
of the system and to input data required by the system.

Figure 1.2 shows a block diagram of the system described In the following
paragraphs. The analog radar data is input into the computer memory by the
radar interfece. The software processor converts tnic data to doppler informa-
tion using the hardware Fast Fourie: Transform, then filter~ th's data further.
The software display generator converts thigs informsticn into a meaningful
pattern on the Digital TV dispiay. The keyset is uaed by the operator to con-
trol or mwodif,; the processing and the digplay format.

1.3.1.1 Display (Figure 1.3)

The display consgists of two presentations asuper-imposed on the same
screen. The graph.cs display can generate 8 levels of gray-~scale and may be
removed down the screen as new data is displayed. In this way a sequencz of
the most recent date can be presented on the screen. The overlay display has
neither gray scale nor mobility. Thi. display is used for alphanumeric
displays and for fixed overlays on the graphic data.

1.3.1.2 Keyboard (Figure 1.4)

The keyboard consists of a standard keyboard with an array of function
keys on each side of it. Figure 1.4 shows the arrangement of the keyboard
and the organization of the function keys. The greup of function keys on the
left are ueed to control the operation of the syster. The ce .t:al keyboard
and the typesetting func.ion keys are used to enter dsta into the system.

The group of functions at the right allow the operator te display and modify
data used by the svstems.

1.3.1.3 Data Inpu-

The Digital procesaing equipment is ianterfaced to the radar system v.a
the analog tc digital converter. This device translates up to 8 chanrels of
analog signals to digital equivalents.

1.3.1.4 Processors

The digitel radar processing system can have 8 different processor types
available for use. Tihese processors are organized into two banks ci four

L T -
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processors. The operator can seleci any cne of these processors for use by
proper use of the mode keys and processor select keys.

1.3.1.5 FFT Processor (Figure 1.5)

The Fast Fourier Transform (FFT) processing unit efficiently computes the
discrete Fourier Transform of a time series of discrete data samples to produce
its discrete frequency spectrum. The FFT unit operates as a peripheral
processor te the LWL 620/L-100 Varian minicomputer. Serieg of digitized radar
data samples are collected by thz minicomputer and then transferred to the FFT
unit to be transformed into their frequency spectrum. The resultant spectrum
data are then returned to the minicomputer for further processing.

The FFT unit operates on the digitized radar data in neur real time
since the transform is performed in approximately eight miiliseconds. This
includes the time necessary to lcad the FFT unit with the digiti~ ~ radax
data and alsc the time to unload the frequency spectrum data it e mini-
computer. Thus, appryximately 125 DFT's may be performed z2ach socond by the
FFU unit.

The size of the FFT unit is 256 complex words. Each radar data input
word has a real and imaginary part, each consisting of 16 bits. The spectrum
resulting from the transform process is also complex, producing spectra, each
having a 16-bit real part, and a 16-bit imaginary part.

1.3.1.6 Power Supply
The power required for the processing and display ystem are either
integral parts of purchased equipment or seilected regulated power supplies

that are mounted in the fabricated drawers.

1.3.1.7 System Software

The system software is designed to process large volumes of data with a
fast turn around time. Concurrently, other tasks are required to provide the
operator with the capability to modify this processing and to monitor its
progress. Because of the large volume of data and the time restrictions on
its processing, a two-pricrity svstem is uced in the software. This system
gives the processing ccmplete prioritv over any other tasks being done by
the program.

1.3.1.8 Executive Program

The executive program determines whicih program is to be executed at any
given time. This is done by scanning two control tatles. These control tables
contain all the information required to link to any active program in the
system. The executive program scans the control table in a circular fashion.
Control is transferred to active programs as thev are encouuntered during the
scan,

1
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1.3.2 Signal Processing

The output of the radar, when flying over vegetated terrain, is alwayve
8 rapidly fluctuating, noise-lile signal. These fluctuations are of two
kinds. First, a rapid fluctuation which 18 due to the random interference
of waves scattered from different trees. Secondly, a slower modulation of
the rapid fluctuations by an envelope which is due to the actual variation
of vegetation density.

It {s shown theoretically that the clutter voltage signal from a uniform,
random forest should be Gaussian White noise over a passband cf doppler
frequencies corresponding to the center of the antenna pattern (for a side-
looking antenna). The signal at the output of the radar (after absolute
squaring) should therefore have an exponential distribution of amplitudes.

This conclusion was tested against SURC radar data. The data was found
to fit the expected distributions to within the expected standard deviation
for all valid cases studied. This fact allowc one to find the expected
target detecticn probability and false alarm rate for any given threshold
gsetting and tavget-to-mean-clutter ratio, simply by using the graphs published
in most radar handbooks.4 1In this way it can be geen that acceptable radar
performance dewmands that the target signal be about 13 dB above the mean
clutter signal in order that the large wpward random fluctuations of the
clutter do not cause excessive false alarms.

1.3.3 An Economical Airborne FOPEN Radar System

The concept o9f an economical airborne foliage penetration radar system
has been demonstrated during this program. The use of the unfocused synthetic
aperture with beam sharpening provided by the FFT unit combines to form a
small real time data collection system costing far less than other current
systeams. The small size is useful in that the system can be rcunted in a
smaller aircraft to be utilized for a moving platform.

A. Instrumentation Radar Resiu.ts

A p-ototype radar was sosembled, tested and utilized for the
required data coilection. The feasibility of detectinyg man-made objects
such as a standard target (corner reflector), cars, trucks, and bulldings
using this radar was demonstrated. However, the tests indicated that the
use of 140 MHz does not seem appropriate for this type radar without
more sophisticated techniques of team focusing to reduce the resgelution
cell to 15 feet by 13 feer. When operating at 140 Miz the ciutter return

4"A Study of Clutter in Moving Platform FOPEN Radar Systems', SURC TD-73-190,
April 1973, Gecrge M. Ffoster, Consultant, Author.
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and the standard target return were inseparable. The need for an
additional 10 dB of target resolution was indlcated. The radar
frequency was reduced to 50 MHz and additional tests performed.

B. Data Analyeis System Results

A complete prototype data anlysis cystem was devised, fabricated and
tested for use as the processing portion cf the airborne folilage
penetration radar. In doing 8o, the roncept of a real tirz reliable
detection and analysis system was demomstrated.

An operator position complere with display and keyboard was developed
for use in real time detection of targets. A useful, alchough not
necessarily complete for all siruvations, set of processing routines
was developed for the data analysis system and display system.

1.3.4 The Use of 140 MHz in Measurement of Clutter Returns

The use of 140 MHz in meisurement of clutter returns was accorplished.
Cross sections of lakes, pastures, and woods have been determined. The results
of these tests briefly stated ave:

A. Lake Data

The lake data reinforces the data from other programs which indicates
that the cross sectlion of water 18 a function of wind velocity and the dir-
ection from which the measurement is taken, since the returns are 3 function
of the wave fronts &na crests.

B. Pesture Data

Pastura data indicates that returns from fences, occasicnal trees
and perhaps a slight roll to the land provide the majoritv of clutter
cross sectiorn of this environment.

C. Forest Vata

Of more significance is the forast cross section data,since it is
rot obtainable from currently available ljterature. Included in the
datz hase is a substantial amount of data on the cross sections of
rorthsrn forests both ceoniferous and deciduous.

1.3.5 The Use of 30 Mdz in Measurement of Cluttey Returns

The initial airtorne measurements utilizing the lower {requency wer:
very encouraging. 1ihe target to clutter ratio is considerably enhanced as
was predicted in references (2) and {4) and as indicated by previous reports
from AFCRL.

T

The interested reader is referred to Sections 5, &, 7, and 8 for complete
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details of the clutter measurement and cross sectlon measurement efforts.,

1.3.6 Airborne Dats Collection

During the contract period significant portions of the collected data
were included into the data base. Especially noteworthy are cross section
measurements of forest environments that are not currently fowd in the
available literatures (0 , at 140 MHz, for northern forests 13 on the
order of 0.1 and 0.2).

Also of significance is the close correlation between actual environment
and recorded data. As shown ip Figure 1.6 the radar map presented on the
display closely approximates tiie aerial photo of the same area.

The results of the airborne data collection effort can be summarized
as follows: {Fuzther details are given in Sections § and 8.).

1) A close ccrrelation between the known terrain and
the collected data.

2) The collected data were sufficiently reliable to
include in the data base.

3) The operation of the radar at 50 MH enhances the
clutter—to~target ratio.

4) At 140 MHz certain background environments result
in poor target resolutionm.

5) The ability to experimentally determine radar cross
sections of both joint targets and distributed clutter.

The Vincant Corners Tests yielded the most significant results, they
were:

1) Fencc lines and large staads of woods can give returns
as strong as the standard target.

2) The use of a simple threshold detector in this
environment is not practical.

3) Man-made objects and natural objects with sharp :changes
in cross sections cannot be separated from other
corner reflector-like objects such as trucks.

4) The standard target return is discernible and measurable
(although tests were conducted with the target in open
areas and not shaded by trees).
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5) The calculated s»ectra and observed terrain are closely
correlated.

In addition the other tests provided results which in~luded:

The close correlation of the calculated and measured glint radar
cross section of a helicopter was very encouraging. It is noted
that the tactical usefulness of glint radar cross sections is
probably minimal since it is highly dependent angle of a:rival(ihe
broadside illuminaticn of a vehicle)., Other attempts %o correlate
the recorded returns with expected returns were lese successful
than et the Aberdeen Proving Ground due to test conditioms.

While experimentally unsuccessful during the test period, it

should be emphasized that the magnitude of the glint cross section
of a panel truck or armored personnel carrier should be sufficient
te discern from the background clutter of the environments tested.

1.3.7 Polarization Study

The data used for this analysis was collected during the Moving Platform
Study Contract (DAAD05-71-C-0156).

For this experiment a cross-polarized antenna was mounted on the front
of a DC-3 aircraft in which the LWL-SURC FOPEN Radar, operating at 140 MCS
was mounted. The transmitter was connected to the horizontal element via
the usual duplexer system. The backscattered signal was received on both the
vertical and the horizontal antenna elements and recorded on separate
channels of the digital tape rocorder. On tue ground the data from each
channel 1is fast Fourier transfcrmed and the amplitude found in the usual way.

The experiments analyzed are numbers 299 and 300 taken at Camp Drum in
Northern New York State and numbers 180 and 181 taken at Pcmpey Center Road
near Syracuse, New York. The terrain at Camp Drum was flat and fairly
heavily wooded with northern pire. These pines are a small pine with trunk
diameter 6 - 12 inches and very thin branches. The region around Pompey Center
Road is unevenly wooded, mostly with deciduous type trees. This region is
not a forest, but contains steep hills, pasture land, houses zac fences as
well as trees. This region has not been checked in detail from the ground,
hence it is not known exactly what is within the measuring cell at a given
time. It is probable that most of the backscattering comes from trees of
the deciduous type.

There does not appear to be any significant correlation in the fine
structure of the variation of che signals from the vertical and horizontal

receive channels. When a horizontal wave is transmitted and the target is
deciduous forest, the norizontally received and vertically received signals
2re of the same avaerage amplitude. When the target is a conifer forest, the
vertically polarized receivea signal is avout 20 dB weaker. This ~eans
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that certain types of targets which depolarize a radar wave strongly, such
as missile launchers, field guns, etc., could be detected in a conifer forest
by the use of polarization ratios. The detection of personnel does seem
fear.ible from this platform by using polarization ratios.

1.3.8 Statistical Model

A statistical model (presented in Section 7.0) was theoretically derived
which adequately describes the statistical data collected. Additionsilv,
the reader may consult reference 4 for concise supplemental informatiou.
Comparison of data collected with the LWL-SURC airborne radar system and the
statistical model indicate that the collected data points are within, or very
close, to a standard deviation from the thecretical line.

1.4 Summary of Recommendations

Based upon the work accomplished during this program, the followin,
recomendations are considered pertinent,

1.4.1 Addition of Focusing

A demonstration of additional focusing may be feasible. Other programs
accomplished by AFCRL for the Air Force could form the basis for this effort.
Adu g this function to the present system may still allow its use in the
smaller alrcraft and the combined cost of this program aad prior programs
may still prove to be less expensive than highly focused systems.

1.4.2 Continuation of Glint Cross Section Measurements

The Glint Cross Section Measurement could be a useful technique. Further
work in this area may provide information leading to a method of mounitoring
road traffic, monitoring stretches of coast line or other areas where personnel
or vehicles may be moving parallel to the flight path.

1.4.3 Continuation of 50 MHz Effort

Tests completed late in the program and the associated data analyses
provide the basis for serious consideration of additional effort in this area.

Benefits accrued in contlnuing this effort would be less expensive since
SURZ presently (1) has the equipment, in working condition, (2) has supplemental
computer facilities all primed to accomplish this effort and (3) has the working
knowledge of the system necessar: for immediate continuation of the effort.

Additionally. the data collected could fill a void in current literature.

Comparative v’s obtained from the initial SO MHz flight test and previous
140 ¥z effort are shown in Table 1.1.
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Table 1.1
Comparison of Radar 00
Environment 140 MHz
Heavy Woods - Swamp .84
Northern Forest .15
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2.0 DATA ANALYSIS SYSTEM DEVELOPMENT

A real time data analysis system was develcped by SURC for utilization
in the study of foliage penetration by radar for the United States Army
under Contract DAADO5-72-C-0299. This system is shown in Figure 2.1.

The digital processing secticn of the FOPEN radar system consists of an
analog to digital interface, a Varian 620/L-100 minicomputer, a hardware
Fast Fourier Transform, a Digital TV display and a keyset. This secticn
inputs time domain doppler radar data, converts it to digital data, processes
it and generates a display on the CRT.

2.1 System Equipment

2.1.1 Minicogguter

The Varian 620-L is a small general purpose computer which uses a 16-bit
word with a remory cycle time of 900 nanoseconds. The Varian 620-L .n
the SURC system i3 provided with 12K words of core memory, hardware multiply
and divide, real time clock, priority interrupt module, and power failure/restart.

Hardware developed by SURC includes the digital TV display, the FFI
processor and a number of interfaces to the Varian 620-L. These interfaces
were for the display, FFT processor, A/D converters, and paper tapz reader.
Additionally an interface was developed to connect the Varian 620-L to a
larger computer system in SURC's hybrid simulation laboratory. This allowed
the software development phase of the program to take advantage of the many
peripherals and existing software of the larger computer system.

The keyset is used by the operator to control or modify the processing
and the display format.

Figure 2.1 also indicates the data flow through the digital processor.
The analog radar data is iaput into the cumputer memory by the radar interface.
The software processor converts this data to doppler information using the
hardware Fast Fourier Transform, then filters this data further. The software
display generator converts this information inte a meaningful pattern on the
Digical TV display.

2,1.2 Dispiay

"“he display selected for this system is a Ball Brothers Research
Corporation CRT mcaitor which measures 9 inches diagonaily and utilizes P4
phospior. The circuits are cransistorized and printed circuit board
construction is used throughout the monitor.

Modifications to this monitor include rotating the CRT 90 degrees so
that the long dimensjion is in the vertical plane and ruggedization of its
construction to meet the airborne application requirements.
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The display picture is produced using digital TV -=chniques. A non-
interlaced frame is formed by vertical raster lines. The unbalanced or
viewable portion of each frame provides a display grid of 256 by 256 picture
elements. The frames are presented at a rate of approximately 53 Hz which
produces a non-fiickering dispiay. Updating a display frame requires a
period of <ne frame cycle or approximately 19 milliseconds.

The display can present both graphics and characters on two independent
trames overlaid on the screen. Cne frame, a black and white display with no
gray scale, is used primarily for alpnanumeric information  The sec.nd
frame providing eight levels of gray scale, is used tc display graphic data,
and is capable of being shiftea to produce a moring map tvpe of display.
When shifted, new picture elements are entered at the top of the display
frare and the oldest picture elements at the bottom of the display frame
are discarded. TFixed cata may be presented overlaid on a moving map type
of display when both types of presentations are used simultaneocusly. Existing
data in either frame may be modified by adding, subtracting, averaging or
replacing it with data from the minicomputer. This capability allows at
least a limited amount of data manipulaticn to be done on the display itself.

2.1.2.1 Radar Data Display

Radar data may be displaved as plots of signal streng.u as a function of
3 doppler frequency using either . ,-ccordinate or the gray scale as the
signal strength axis. An alternative display may be produced through a
relatively simple coordinate transform that results in a strip map of the
terrain with gray scale indications of signal strength at each area of ground.

2.1.2.2 Frequency Data Plots

Frequency data may be displ-sed as a family of horizontzl lines which
vary in brightness. 1In this presentation the x-coordinate represents doppler
frequency plotted linearly with zero doppler frequency occupying the center
of the line. The brightness of each spot on the line indicates the strength
of the return at that particular doppler frequency. As new data is entered
the lines move down the screen creating a time-sequenced frequency data plot.

2.1.2.3 Map

Mapping data is displayod in strips shaped in the form of am arc, that
is, the map displays are a strip map of the ground with a curved upper
sargin. Each sirip represents the area on the ground covered by the range
gate at that time. Each strip is a linear map and as with other displays
the map moves down the screen as new data is entered. The X,y coordinate
E of the display represent cross range and down range, respectively, and
3 brightness represents the strength of the return signal from each area of
ground. Further information cn map display geometry is included as Appendix B.

Graphics data is created in tvo different modes. 1In one mode, vectors
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are created by joining vertical line segments of variable lengths end to end.
This mode is especially useful in forming yraph plots or histograms. The
second graphics mode produces vector s=gments of one to seven elements in
length which may be placed on successive vertical raster lines in an overlap
or non-~overlap fashion to produce a band of map data. Dominant features

. of the dats may be emphasized by varying the inteasity or gray scale.

Characters are genera-ed for presentation on the display. A set of
128 characters may be presented at any location in a display frame. Each
character is produced on a five by seven picture element matrix. Two
elements between successive characters are left blank for separatiom.

2.1.3 Display Generator

The display generator performs the vector, map, and character generation
functions. To accomplish this the generator, developed at SURC, translates
the minicomputer's digital word commands and data into a picture for presente-
tion on the monitor. The display pictures which are stored in shift register
memories located in the display generator are made available to the CRT
monitor in video signal form at the frame rate of 53 Hz. In addition to video
signals the display generator producee the horizontal and vertical gynchroni-
zation signals to drive the display sweep circuits. Also the display generator
contains the facilitiee for performing analog to digital conversions for
eight analog signals.

At the beginning of each display frame the display generator issues an
interrupt to the minicomputer {frame rate 53 Hz). If the display is to be
updated, the minicomputer outputs to the display generator digital word
comnands (1) to establish the mode of operation of the display generation
and (2) to establish the s:arting address of a block of display data words
located in its core memory.

For one of the display modes, each picture element may have one of eight
possible gray scale levels. Three bits of data for each picture element are
; stored in the refresh memories to define this gray scale level. 1In a second
display mode, only a single intensity level is available. A separate refresh
mexory is used for this display mede. For both display modes, a total of
four refresh memories each 256 by 256 bits in length are used.

The updated display picture is stored in the serial shift register
memories whose starting address has bteen given to the dlsplay generator.
Updating may consist of adding, subtracting, averaging or replacing, the data
contained in the refresh memories. During the display frame, the data tords
are successively accessed by the display generator. The accessing of these
data words is done by a direct memory access mode of operation, requiring no
action by the minicomputer program other than the initial commands at the
start of the display frame. The outputs of the serial shift register memories
are digital to analog signals converted to video signals. The display
generator performs its vector, map, and character generation functions in
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updating the display picture.

As indicated, the display generator has tine facilities to perform analog
to digital conversions on a total ot eight analog signals. An Analog Devices,
Inc. 12 bit A/D converter is used for this purpose. The device can convert
analog signals to digital numbers in 15 microseconds. The minicomputer
controls the A/D operation via the display generetor by selecting the analog
signals to be converted, the rate of conversion,and the number of samples to
be taken. Data samples are entered into the minicomputer memory by the
display generator using the direct memory access feature of the minicemputer.

2.1.4 FFT Processor

The Fast Fourier Transforw (FFT) processing unit efficiently computes
the discrete Fourier transform {DFT) of a time series of discrete cdata
samples to preduce its discreve frequency spectrum. The FFT unit operates
as a peripheral processor to the LWL 620/L-100 Varian minicomputer. Series
ot digitized radar data samples are collz2cted by the minicomputer and then
transferred to the FFT unit to be transformed into their frequency spectrum.
The resultant spectrum data are then returned to the minicomputer for further
processing.

The FFT unit operates on the digitized radar d.ta in near real time
since the transform is performed in approximately eight milliseconds. This
includes the time necessary to load the FFT unit w th tha digitized radar
data and also the time to unload the frequency spectrum data into the
miniccmputer. Thus approximately 125 DFT's may be performed each second
by the FFT unit.

The size of the FFT unit is 256 corplex words. Each radar data input
word has a real and imaginary part, each consisting of 16-bits. The spectrum

resulting from the transformation process is also complex, producing spectra,
each having a 16-bit real part, and a 16-bit imaginary part.

2.1 4.1 FFT Computations

A signal flow diagram of the LWL FFT algorithm i{s shown in Figure 2.2.

For purposes of simplification, the diagram illustrates an 8-point discrete
Fourier transform (DFT) instead of the actual 256-point DFT used in the LWL
processor. Each node in the signal flow diagram renresents a variable, and
rhe arrows that terminate a: that node originate at the nodes who.e variables
contribute to the wvalue of the variable at that node. The contributions are
additive. and the weight of each rontribution, if other than unity, is
indicated by the constant close to the arrowhead. The quartity e‘jz'/N)k
is deunoted by WX {n the diagram. The expression for the DFT of the algoritm
is:

N-1 K
Fo= J £ W, for 0<k < N-I

n=0
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The signal flow diagram illustrates the computations necessary for
evaluating an 8-point DFT. If the diagram is examined closely, it can be
seen that there are three sets or stages of calculations, and the calculations
necessary from one stage to the next stage are identical in each casc. The
number of stages required for the OFT {is equal to log)N, so that for the
256-point DFT eight stages are necessary. )

In each stage, the calculation required to determine the value of the
even numbered nodes is simply f + f  + ¥/2, for 0 < n < N/2-1. The values
of the odd numtered nodes are determined by mulfiplying the constants WK by
(fn - fn + N/2), for O < n < N/2-1  The constants WK are obtained from a
read only memory (ROM) located in the FFT processor. The ROM contains the
values for W = e-3(27/N ), and since the sin & = cos (v/2 - tv), the number of
constants stored in the ROM pertain to only a single quadrant. Thus, it is
only necessary to store 64 constants for the evaluation of the 256-point DFT
for LWL. Appropriate addressing logi:z and complementing circuitry to obtain
negative values pruvide the sine #nd cosine values for the complete 27
radians.

The block diagram (Figure 2.3) of the LWL 256 complex word FFT illustrates
the manner in which these computations are performed. The values for f, and
fn + N/2 are simultaneously read from the shift register memories for both
the real and imaginary parts. Parallel additicns and subtractions are
performed on these numbers. The sum of cach part is dlrected to its memory
input multiplexer to be written in memory at the next memory write cycle.

The difference of each part is directed to the multiplier input selector

to be used as one of the factors in the complex multiplication of WK times
(fq - £, + M/2). A single 16-bit high speed 2's complement multiplier
performs the multiplication. Since a complex multiplication requires four
partial products, the single multiplier is time-shared to produce each partial
product. The partial products are stores in latch circuits in the "cross-
product summer" logic. Upon completion of the multiplication process, the
appropriate partial products are surmed by the cross-product summer and the
results are presented to the memory input multiplexers tec be writtev into
memory on the rext memory write cycle. For each shift registe: memory read
operation, there are two write operationms.

2.1.4.2 Shift Register Memories

The memories used in the FFT processor are constructed about the
Signetics 2521V dual 128-bit MOS static shift register. The memories are
contained on printed circuit (PC) cards and each PC card has the capacity
to store 256 16-bit digital words. A total of four PC memory cards (SURC
No. 2980) are used by the FFT processor.

Each of the PC memory cards are organized intc two sections of 128 words
each, an A s=ction and a B section. In processing one stage of thte FFT, the
input data words are read from the A section and processing results are
written in the B section. During the next stage the sitcvation is re-
versed; the input data vords are read from section B and the results are
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written into the A section. This alternation between the A and B sections

of the memory continues for each stage of ine FFT process. The "raw" nput
data words are initially losded into the 7FT unit via the A sections of the
PC memory cards. If we designate the PC memory rards as numbers 1 through 4,
then fcllowing the initial loading, the 16-bit words of the real and imaginary
arrays are stored as follows:

Card 1: contains real words 1 hrough 118

(ard 2: contains real words 129 through 256
Card 3: contains imeginary sords 1 through 128
Card 4: contains imaginary .ords 129 through 255

2.1.4.3 Read/Write Sequence

Each stage of the FFT process contains 128 computaticn cycles., For each
cycle the shift register memories sre accessed for thz ifnput data words used
in the FFT compntations and then the resulta of the computations are written
in the other sections of the shift register memories, whereby they will be
the gource of input data words in the following 3stage. The nature of the FFT
algorithm requires that the words resulting from the computations be reorderwd
relative to the sequence of the input date words. The read/write sequence of
the memories for a stage of the FFT process is shown in the following table.
Only the set of real date words is shown, since the sequence of the imaginary
set is identical. It can be seen that for each read operation, there are tvo
memory write operaticns,

Read Hrite

Cycle Card i Card 2 Caxrd 1 Card 2
1 1 129 i,2 Recirc,
2 2 130 3,4 Recirc.
3 3 131 5,6 Recirc,

+ + + + +

+ + + + +
63 63 191 125,126 Recire.
€4 64 192 127,128 Recirc,
65 65 193 Recirc. 129,130
66 66 194 Recirc. 131,132
126 126 254 - 251,252
127 127 255 - 253,254
128 128 256 - 255,256
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2.1.4.4 Scaling

The scaling function in the FFT processor insures that during any of the
arithmetic cperations an overflow camnot occur. This is accomplished after
examining the magnitude of the absolute value of each factor as it is
entered into the FFT's shift register memory. Both parts of each factor,
real and imaginary, are examined to note if the magnitude of its absolute
value is greater than or equal to one-half, or greater than or equal to
one fourth. If so, the fact is stored and during the following stage ail
factors of the FFT arrays ars appropriately shifted. This examination of
the magnitude of the factors is done initially as the arrays are loaded into
the FFT from the minicomputer and also during each stage as the results of
computations are entered into the memories. If it is observed that the
absolute value of any factor's magnitude is greater than or equal to ome
fourth, but not one-half, then all factors are shifted right one binary
position, dividing all factors by twe. On a stage basis, a report of the
number of shifts done on the FFT factors, is made to the FFT interface logic
by the FFT processor control logic. A tally is maintained by the interface
logic in a status register which will be queried by the minicomputer program.

2.1.4.5 Read Onliy Memories

The Read Only Memories (ROM's), located on the multiplier input selector
circuit card, produce the WK constants used in the FFT computations. There
are four ROM modules and each module contains 32 8-~bit digital words. The
words are programmed into the modules by a fusing process and thus are
premanently stored. The modylee are organized to produce 64 16-bit Wk
constants, where = e‘(z"rk N) The values stored in the ROM modules
represent the cosine values for the interval from 0 to n/2 radians
(Table 2.1.),

For the 256~pcint DFT there are 128 WK ccnstants necessgary for the
evaluation. From the signal flow diagram of Figure 2.2, which is an 8-point
DFT having only 3-stages, it is shown that all of the constants are used
during the firat stage. In the second stage only every other one is used,
snd in the third stage,every fourth one. In the larger 256-point, 8-stage
DFT of LWL a similar situation exists; all 128 constants are used in the
first stage, 64 constants in the second stage. The selection of the proper
constant for each computation in the FFT process is determined by tae ROM
addressing. The lower order address bits to the ROM's are masked on a
stage bagis to achieve the proper selection. During the first stage none
of the address bits are masked and all constants are selected. In the second
stage, thc lower order address bit is masked and thus only every other
constant is selected. In successive stages, additional address bits are
masked, until the last stage is reached where all address bits are masked
giving an effective address of all 0's, which is the address of the first
location i e ROM's.

The ¢ ;aluatiun of the DFT requires sine and cosine values for the
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_ Table 2,1 1M CONSTANTS TABLE

AR VALUE ADDR VALUE
-

(] 77777 32 55202
1 77766 33 54103
2 77731 34 52766

3 77647 25 51633 -
4 77542 36 50464
5 77412 37 47300
6 77235 38 46100
7 77036 39 44664
8 76612 40 43435
9 76344 41 42173
10 76052 42 40716
11 75535 43 37427
‘ 12 75175 44 36127
13 74612 45 34615
14 74205 46 33272
15 73554 47 31737
| 16 73102 48 30374
17 72405 49 27021
| 18 71666 50 25437
f 19 71125 51 24047
i 20 70343 52 22450
‘ 21 67537 53 21044
22 66712 54 17432
23 66044 55 16014
24 65156 56 14371
25 646247 57 12742
1 26 63320 58 11310
; 27 62351 59 07653
3 28 61362 60 06214
29 60354 61 04553
30 57327 62 03110
31 56264 63 01444

T

NOTE: Values are expressed as octal numbers and defined cosine function
over interval of 0 to P{i/2 radians.
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interval of 0 to r radians. Since only the cosine values for the interval

of 0 to n/2 radians are stored in the ROM, interpolation 18 necessary to
obtain the other values. The identities, 8in 8 = cos (v/2 - 8) and cos & =
-cos (180 - 8) are used for this purpose. Negative values are obtained by
forming the 1's complement of the zonstant desired. The IMAG and REAL gating
signals are applied to the addressing logic to select the sine or cosine
function. The IMAG gating signal produces -sin 6 and the REAL gating signal
produces cos 0 for the interval of 0 to n radians.

2.1.4.6 Multiplier

The multiplier used in the FFT i3 a high speed 2's complement m-itiplier
constructed of 4 x 2 multiplier modules (Advanced Micro-Devices Am Z505),
The multiplier is constructed on a single printed circuit card (SUR™ No. 2974),
and is capable of multiplying two 16-bit 2's complement binary numbers to
form a truncated product of 16~bits. The multiplier in the FFT is operated
somewhat conservatively and it performs a multiplication fn less than 750
nazioseconds. Zach complex multiplication in the FFT process requires four
multiplications to produce the cross products of the two complex binary
numbers. The cross products are formed and stored in the cross product
sumer until the multiplication cycle is ccmplete. The following multipli-

cations are performed for each complex multipiication in the order given:

€

1) R (¢ fn+N/2)XRewk

K
- 7

2) R, (£ - £ +N/2) X1_W

3y 1 (fn-fan/Z)XReWk

4)

[

~

-
!

fn + N/2) ¥ Im wk

2.1.5 Keyboard

The keybcard consists of a standard keyboard with an array of function
keys on each side of it. Figure 2.4a shows the arrangement of the keyboard
and the organization of the function keys. The group of function keys on
the left are used to control the operation of the system (Figure 2.4b). The
central keyboard and the typesetting function keys are used to enter data
into the system. The group of functions at the right allow the operator to
display and modify data used by the system  (Figure 2.4b.).

During system initialization and when displaying data values, the
operator can enter new values using the central keyboard in conjunction with
the typesetting functions. The quantities which can be changed are displayed
on the screen along with a keyboard pointer character. This character is
used to indicate the position into which the next character typed will be
entered. The keyboard pointer can be moved using the typesetting functions
as described in Table 2.3. After the values are entered, the keyboard
peinter is removed from the screen. The alphanumeric keyboard and the
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Trble 2.2 Key Functions

Key Key
Label Function Label Function

CONTROL KEY DEFINITION

SO Clear Overlay Display ENG ABORT

SI Clear Graphics Display DC1 Use Processor #1
NAK Select Processor Bank A DC2 Uge Processor #2
ACK Select Processor Bank B DC3 Use Processer #3
NUL DC4 Use Processor #4

DATA SELECT DEFINITION

SCH Altitude EOT Frequency Plot Size
STX Grid Spacing ETX Threshold Control 1
vT Sample Rate CAN Gain Control 1
SUB Shift Count BEL Threshold Control 2
ESC Number of Averages DEL Gain Control 2

TYPESETTING FUNCTIONS

Key
Label Operation
BS Erase last character. Move Pointer left one character.
CR Erase entire entry. Move Pointer to start of entry.
LF Move Pointer down to next line (if any).
FF Move Pointer up to previous line (if any).
M Enter values, remove Pointer, disable keyboard input.
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Table 2.3 Typesetting Function Definitions

Key
Labal

Funct lon

BS

CR

LF

Move Pointer left one character, erasing th«
character that was there previously.

Move Pointer to lst character in data rield,
erasing the entire value,

Move Pointer down to next line (if any).
This does not modify any characters.

Move Pointer up to previous line (if any).
This does not modify any characters.

Enter data and remove pointer. This disables
all aslpha-numeric and typesetting keys unless
an error condition exi: ts.
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typesetting function keyvs will no longer have any effect cn the system,

Individual values, used by the system, are selected for display and
modification by the data select fumction keys. These keys are located in
the last two columns at the ivight side of the keyboard. Pressing one of
these keys causes the selected value to be displayed on the screen aloag
with the keyboard pointer. The alphanumeric keyboard and function keys are
then activated to allow the operator to change that value if he desires.
The Data Select keys can te used at any time after System initialization.

The control keys at the left side of the keyboard perform a variety of
functions in the system, The operator can clear the display, reconfigure
the system or abort the run entirely using these keys. The display clear
keys allow the operator to erase either the gra; scale or overlay displays
independently. The mode keys select banks of processors and the data control
keys cause the system to switch over to a specific processor in the selected
bank. (Ncte that the mode keys do not change the processor being used in
the system.). The abort key master clears the entire system. This key
terminates all processing, clears both display presentations and returns to
the System initialization state.

2.1.6 Analog to Digital Interface

The Digital processing equipment is interfaced to the radar system via
the analog to digital (A/D) converter. This device translates up to 8
channels of analog signals to digital equivalents. The selection of analog
channels and the sampling rate is controlled by the minicomputer software.
Any cowbination of the 8 channels can be used. The sampling rate is

specified by the time delay between successive scans of the selected
channels. This parameter ranges from 50 usec to 12.8 msec in steps of 50 usec.

2.1.7 Processors

The digital radar processing system can have 8 different processor types
available for use. These processors are organized intec two banks of four
processors. The operator can select any one of these processors for use by
hitting one of the mode keys followed by one of the processor select keys.

The processors can vary in the amount and type of filtering done on
the radar data as well as the manner in which the results are presented on
the display. In general, however, the processors will perform the following
steps: input data, shift data, FFT, Hann, magnitude squared, logarithm,
scale and display. Additional filters can be inserted into the sequence at
will but the steps outlined above will be present in nmost of the processors.

Radar data is input from the A/D directly into memory without program
intervention. The program does have to specify the number of samples and
how fast to input the data. The sampling rate is defined as the time delay
between successive samples of a given analog signal. This is given in
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milliseconds with a resolution of .05 msec.

The number of samples input at one time is defined by the shift count.
The data is processed by the Varian in blocks of 256 samples. These samples
are allowed to overlap, which results in a sampling window which slides alcng
the data. The displacement between adjacent windows is given by the shifrt
count. The A/D interface perforus one pr~t of this procees. The program
shifts the old data to match with the data being input.

The next step is to translate the time domain data into the frequency
domain data using the hardware FFT to produce the spectrum of the doppler
components of the radar return. This data 18 filtered with 2 Hanning filter
to remove distortions of the spectrum which can be caused by the FFT process.

At this point the data consists of both real and imaginary data. The
next step is to compute the magnitude squared of these two sets of data by
squaring each and adding the corresponding points. This produces a power
spectrum of the dopplcr return.

The logarithm of this power spectrum is taken in order to improve the
dynawic range of the data displayed allowing the smaller signals as well as
the strong onez to be seen in the data.

The data is scaled as the final step before being displaved. Scaling
is done in two steps and performs two functions. First, an offset is added
to the data and tben the result is multiplied by a scale factor. These two
values determine the range of values which will be displayed as well as the
upper and lower cutoff values. Any value above the upper cutoff point is
limited to the cutoff value and any value below the iower threshold is set
to zero.

The data is now ready to be displayed. The exact display format depends
upon the processor in use but will be one of those described Zn the display

section.

2.1.8 Paper Tape Rzader

A high speed paper tape reader provides the data analysis system a
relatively rapid and reliable means of loading programs or entering data
into the minicomputer's core memory. The paper tape reader is a Digitronics
Model 2030 Perforated Tape Reader, and is designed to read 5, 6, 7 or 8-
channel perforated tape in the forward direction at speeds up to 400 characters
per second.

The interface between the Model 2030 reader and the minicomputer was
developed at SURC. The interface accepts digital data words from the mini-
computer and translates these words into RUN and HALT commands which are
directed to the reader. The channel data lines from the reader are formatted,
by the interface, into digital data words and entered into the minicomputer.
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2.2 Processing Software

The system is required to operate on a large amount of data in a very
short time. Not only does the A/D converter input a lot of data, but due
to the sampling algor”thm, the effective data rate is several times that of
the A/D sampling rate. Since the required processing algorithms are also
fairly complicated, a number of advanced techniques are used to speed the
operation. Perhaps the most important of these rechniques is the hardware
FFT. This device calculates a 256—complex point frequency spectrum in under
10 milliseconds of elapsed time and only uses about 2 miiliseconds of computer
time. In comparison, a software FFT would use on the order of 50 milliseconds
to perform the same operation.

To further reduce the minicomputer lnad, all peripherals which transfer
large quantities of data use the Direct Memory Access (DMA) option of the
Varian 620/L-100. This option allows data to be input or output with a
minimum of program intervention and uses a minimum of computer time to perform
the actual transfer.

The software of the system is designed tc minimice wasted time while
retaining fiexibility. Processing is performed in stages which cun cverlap
in time. In this way, a delay in one stage can be used in another stage.
Buffers used by the processors are taken from a common pool. This allows
data to pile up somewhat at bottlenecks without slowing down previous strps
in the process. The use of a buffer pool also facilitates the use of a
nuaier of different processing algorithms within the same system.

2.2.1 System Initialization

The system is initialized whenever one of three events occur: (1) the
prograa is loaded from paper tape, (2) the program is manually restarted,
or (3) the operator hits the abort key. The initialization program clears
all I/0 devices and control tables. It then enables the keyboard and display,
and accepts run parameters typed by the operator. When this data has been
entered, the program performs a number of preliminary calculations of constants
and tables to be .sed later. The program then initializes control tables and
flags for the run mode and starts the data flow through the system.

The system initialize routine immediately disables all interrupts and
stops any 1/0 which may be active. All peripheral controllers are then
master cleared. The kiyboard and display are both initialized and the displays
are cleared. The init’alization then calls PCIN which initializes the
processors.

The subroutine PCIN performs two functions. It must input any constants
which must be supplied by the operator and then it calculates any fixed tables
and constants which will remain constant during the run. These will include
the FFT bin index table and the y-coordinate table used when generating map
displays. Doing these calculations at this time reduces the load later
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when time 13 gt a premium.

When PCIN has finished, the initialization routine enables all interrupts
and peripherals which will be used during run. Processor #1 of mode A is
automatically selected. To start the flow of data through the system, cne
buffer of 256 samples is input to initially £111 the input buffer. At this
point the initialization routine can link to the executive (SCAN) and the
system will be in the run mode.

2,2,2 Partial Initialization

The operator is able to change various parameters during the run. Some
of these parameters affect the constants generated by PCIN, and some can
affect the input constants for the A/D converter. In the first case, an
abbreviated version of PCIN, called PIN1, is used to update processor
constants. In the second case, the A/D is reinitialized, including the input
of one full buffer. This may be noticed as a hesitation in the data flow as
the one larger buffer is ccllected.

2.2.3 Executive Routines

Camon ot 1ol ol

The executive routines provide the linkage between the various sections
of the program and assign buffers to the various programs as needed. The
program linkage is done by a pair ot scan loops which monitor the status of
the various programs. Two scan loops are used to prevent low priority tasks
from interferring with the flow of data through the zystem.

‘-

2.2.4 High Priority Scan Loop

N atiateaa st

The hieh priority scan loop performs the linkage between the various
radar data processing programs and any other high priority programs. This
prograr scans a list of functions, linking to any active ones. All processing
programs are required to link back to the executive program whenever a delay
is encounterec as well as when they are finished. The processing programs
can link back .n one of three ways:

1 If the program has completed all tasks it must jump directly
to SCAN. This completely removes the program from the scan
table.

2) If the program encounters a delay it must call the subroutine
HOLD. This subroutine stores all registers and sets the scan
1ink to the subroutine return address. When this happens the
scan 1s continued from the next entry. Control is returned
to the program on "hold" during the next scan with all registe.s
restored.

< te wtr ¥

3) If a program finds that it is still in a wait conditlor after
returning from a call to HOLD, the program jumps directly to
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NRDY. This link preservea the hold already in the scan table
but does not register the program as being "active". This is
important since the lcw priority scan can only be accessed if
the pregrams in the high priority scan loop are all "not ready".

In addition to the routines listed above, there is a subroutine called
PHLD which allows one stage of the processor to activate the next stage.
PHLD does not directly execute the next stage, and it does not return control
to the executive routine. All it does is store the registers address and the
proper link address in the scan table entry for the next processor stare. PHIL then
immediately returns to the calling program. (Note that this may be done
more than once if identical operations must be done on different data sets
during one iteration. Any distinguishing characteristics must be carried
to the next stage via the register contents when PHLD is called.)

2.2.,5 Low Priority Scan Loop

When the high priority scan loop is able tc complete an entire scan
without finding any active programs, the low priority scan loop is executed.
The low priority scan is advanced only one step each time it 1s entered.

The only return allowed for a program called from this loov is to BNRD.
BNRD preserves the entry in the table then returns to the high priority scan
loop.

The low priority scan loop links to programs like the error report
program and keyboard processor. Any functicns whic: can tclerate a slow
response should be put into the low priority scan loop.

2.2.6 Buffer Allocation

Buffers are assigned to the programs, as needed, from a common pool.
Three sizes are used for the three basic types of data. A program can get
a2 buffer assigned to it by calling the appropriate GET_ subroutine. Input
buffers are 512*N words long, where N i{is the maximum number of range gates
used. Calling GETB agsigns one ot these buffers. Double buffers (GETD)
are 512 words long for use as ccmplex or double precision data arrays.
Scratch buffers (GETS) are 256 words long and are used for all buffers 256
or less words long.

The buffers are assigned to a program by storing that program's usage
code to the reference table. When the program is done with the buffers, it
can release all buffers assigned to it by calling FREC with the appropriate
usage code ir the A-register. FREC clears all reference table entries equal
to the given code for all three types of tuffer.

If a buffer will be used by the next stage in the processing the cor-
responding usage code must be incremented before calling FREC. Any buffer
which will be used by the display must be assigned & code of 8 to prevent it
from being destroyed prematurely.
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2.3 Keyboard Software

The keyboard characters are input to the compoter hy the keyboard
interrupt routine. Each time a key is struck, an ‘ut>-rupt is generated
which causes this routine to be executed. The interrupt routine then inputs

the code for the character or function key and stores it into the keyboard
character stack.

The keyboard processor is a iow priority program which takes the char-

acters from the stack and acts on them. Each tim. this program is entered
from the executive routine, it processes all characters in the stack. If the chara-
acter is a function, the correspouding function routine is executed. If it

. is an alphanumeric character, the keyboard processor first checks to see 1i:
the keyboard is active. When the keyboard is active, the keyboard data table
specifies a character store routine which is used to process the alphanumeric
characters. Otherwise, the alphanumeric characters are ignored.

Keyboard processing of data entires is controlled by a keyboard data
table. This table is set up by the prograw which requests the input. The
data table consisis of an arbitrary number of elements the last of which
consists of all zeros. Each element gpecifies the display coordinates of
the entry, the storage buffer address, and the character store routine to
be used. Each element of the table is associated with one line on the
display and one data entry.

J To facilitate the use of the keyboard, two subroutines, ITAB and FILL,

can be used for handling a list of parameters. ITAB displays the curreat

. value of each parameter and its label. It then activates the keyboard to

) allow the operator to make chenges. When the operator pushes the enter key

: (EM), ITAB will return with all character buffers updated. The FILL sub-

: routine can then be used to convert these buffers to a list of binary values.
These routines will work for decimal numbers only but will scale each entry
independently when converting them to binary. “his system is used primarily
during system initialization.

Function keys are processed via two function tables. The first table
contains the address of the function routine to be used for each function
key. The second table contains a single constant for each key which is used
as an entry condition to the functiov routine. This »econd table allows one
function routine to handle an entire class of functions.

2.4 Dispiay Software

The digitel TV display can only perform one operation during each raster
scan. This means that each buffer, regardless of length, and each command
will require 20 miiliseconds to be processed and may have to wait up to
20 milliseconds before it can even be started. For this reason, it is
imperative to be able to stack a number of display operations at any one time.
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The display stack consists of a number of four-word entries which are
referenced, circularly, viu two stack pointers. This stack is controlled
by three subroutines. The display interrupt subroutine, DPIN, removes
entries from the stack as they are digplayed. The check voutine, $DCK, tests
to see if the stack is full. The store routine, $DP$, stores a new entry
into the stack.

Each entry in the stack consists of four words: the display buffer
address, the initial condition word, the EXC command to be used, and the
buffer switch address. When the entry is processed, the first two worde
are output directly to the display: the initial condition word specifies the
initial y-coordinate, the disriay mode, and selects the display buffer. (See
the section on the display interface.) The third word in the stack entry is
the external command instruction which is executed to start the display
process. The fourth word is stored in DPIN and is used, on the next interrupt,
to clear the buffer busy switch. This can be an entry in one of the buffer
reference tables. In this way, the program generating the display buffer
does not have to worry about calling FREC to free the buffer. A usage code
of 8 is reserved for display buffers to prevent unintentional use of a
display buffer before it has been processed. Note that the display stack
entry is freed 20 miliiseconds before the buffer can be used again.

Higher level routines are also available which will generate various
types of display buffers and store them into the display stack. The general
graphics routines DPLT (vector plot) and DMAP (non-linear gray scale plots)
as well as the more specialized PLD2 (x,y) and PLD3 (gray-scale) are available
which will handle normal data buffers. Packed character buffers are handled
by DCAR and display shifts are performed easily using DSFT. The more
straightforward functions such as the screen clears can be handled easily
using $DCK and $DP@. Refer to the program specification sheets for more
details on the use of these programs.

2.5 A/D Software

The A/D converter is handled by two routines, ADIN and $AD1. ADIN is
called during the system initialization. This routine computes the proper
rate, mask, buffer size and offset values which will be used in processing
A/D interrupts. ADIN also starts the initial input buffer whichk is always
a full 256 sample<., SADI is the A/D interrupt routine. This routine tests
to see if the last word of the buffer was filled then initiates the next
buffer and sets the iteration mark to start the processing sequence.

For any given number of channels, n., and shift count, n_, the buffer
address is offset by nc (256 - ng). Using this starting address fills only
the last part of the buffer. The processor can then fill in the first part
of the active buffer with old data from the yrevious buffer at any time
Auring the sample iteraticen.
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2.6 FFT Software

The FFT is normally hsudled by the subroutine FFT$. This subroutizne
assumes that the imaginary buffer immediately follows the real buffer in
memory. The transformed data wmay be stored in~» the same bufier that the
original data came from or it can be stocred in a different buffer. This
subroutine does not return until the entire transform is complete., It does,
however, call HOLD which will allow other r.rograms to cmerate.

Fr7$ tests for three types of errors which can occur. The first is a
test of the status word to check for hard errors in the FFT procesgsor. The
second test verifies that the FFT is complete when the interrupt occurs. The
third test checks for loss of the interrupt. The last two errsre will not
normally affect the validity of the data.

2.7 Data Processors

The data processors are the heart of the system. These routines do the
actual processing and filtering required to produce a meaningful dispiay for
the operator. The data processors are organized as a set of up to five
processing stages. This is done to allow them to make full use of the time
sharing and buffer features of the gystem. In addition, breaking up the
processor into stages allows some of the stages to be used by other processors
as welil.

To give the system flexibility, a library of up to 8 different processors
can be available for use. This library is organized as two banks of 4
processors. The operator can change processors at any time without inter-
~upting the data flow through the system. Selecting different processors
can modify the display format, change the degree and type of filtering done,
or even change to a completely different processing philosophy. A general
description of the control and data flow through a processor follows. For
details on specific processors, see _he program specifications. (Section 3.1.2.)

The processing sequence begins in the A/D interrupt routine. This routine
sets the iteration mark to indicate that new data is ready for processing.
The executive monitors this iteration mark, starting the first stage of the
processor when it 18 set, This first stage performs any raw data siiifting
required and sorts the data into separste buffers, This first stage can alsec
perform an FFT on the data. It then calls FHLD to transfer the data tc the
second processor stage. The first processor is still in contrel and can
continue sorting {f more thar ome range gate is being used or it can clean up
its operations and deactivate itself by calling SCAN., When the first
processor linke to SCAN it will not be exscuted again until the next iteration
mark.

The s=cond processar has now been activated »nd will be executed the
next time the high priority scan encounters jt. Tre contents of the three
minicomputer registers, upen execution of the secend processor, will be the
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same as when PHLD was called by the first processor. The three computer
reglsters are used to pass all necessary information between the two tctages
including the address of thz data buffer. The second processor can now
operate on the data, usually reducing it in size to a single scratch buffer
or lese. This stage normally performs a number of steps in z single loop
for efficiency. These steps will include Hanning, computing the magnitude
squared, and sometimes taking the log of the dats. The kighsr frequencies
can usually be dropped in this stage to reduce the amount of datz to be
processed. In addition, the data is nc longer in a complex form, which can
cut the amount of data in half.

When the seccnd stage is complete, the data is passed to the third stage
which 1s activated by a cail to PHLD. The Decond stage can then be terminated
with a jump to SCAN. This completely deactivates the second stage until it
is activated again by the firsc stage. Contrcl is passed, in similar fashion,
through all the stages of the selected processcr. When the final stage (not
necessarily the fifth) is reached, the process is terminated by linking to
SCAN without a call teo PHLD. This terminates the last stage withcut
activating any further stage.

All stages of the proceesor must follow a few rules. They must link to
SCAN when done. HOLD must be called when s delay cccurs and NRDY must be
used if the delay is sgtill true after the first HOLD. Fixed memory tables
should nct be used tu transfer data from stage tc stage since the execution
of the various stages can overlap. All buffers used during a given stage
must be freed or transferred to the next stage by incrementing its usage
code.

2.8 Examples of Data lcocessing Routines Developed fer this Program

During the course of the progrsm necessary routines were deviged for
operation of the Varian data processing system. A listing of these routines
is included in this report for (nformational purpcses only. A complete set
of routines is included In the operation and waintenance manual.
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SURC HYBRID SIMULATION LABORATORY SYSTEM

1
2
3 LWL SYSTEM ROUTINES
4 _
5
6 ALPHABETICAL LIST
7 e e e e e
8
9
10
11
12 SADI  INT ANALOG TO DIGITAL INTERRUPT
13 SDCK  DISP CHECK DISPL STACK
14 $DPO  DISP LOAD DISPL STACK
15 LWL  INIT SET UP SYSTEM
16 ADIN  INIT INITIALIZE ANALOG TO DIGITAL INPUT
17 BKGR  EXEC BACKGROUND SCAN
y 18 BNRD EXEC RETURN NOT READY FROM BACKGROUND
15 BS KBD BACK SPACE
20 CBDA UTIL CONVERT BINARY TO KBD MIXED
21 CIT2 INX COMPUTE INDEX TABLE
2 CKMX UBTIL CONVERT KEYBOARD MIXED TO BiilARY
23 CRTT UTIL CONVERT RTC TO MI1LLISECONDS
: 24 CLPT  INIT CONVERT MAP LOCUS TO DISPLAY BUFFER
H 25 DCAR  DISP DISPLAY CHARACTER BUFFER (PACKED)
: 26 DMAP  DISP DISPLAY MAP
27  DBUG  TEST BACKGROUND PROC. TO ACCEPT TTY AS KEYBGARD
i 2 DFIN  INT DISPIAY INTERRUPT
: 2% DPLT DISP DISPLAY PLOT
30 DSFT  DISP DISPLAY SHIFT
31 EL KBD ERASE LINE
t 32 EOT XBD TERMINATE ¥2D MODE
. 33  ERC KBD ERASE FUNCTION
: 36 EREP  BGP REPORT ERRORS
X 35 ERROR UTI FLAG ERROR
; 36 FAVE  FSUB SUBTRACT LONG AVE, UPDATE LONG AVE
37 FDIF  FSUB CALCULATE SLOPE
38 FF KBD UP LINE FEED
39 FFTS VUTIL FAST FOURIER TRANSFORM
40 FILL UTIL FILL DATA TABLE FROM KBD MIXED
41 FLGL  FSUB LOG OF DBL PREC. SHFFER
42 FLT3  FSUB SWAP, HANN, SQUARE, AVERAGE
43 FLT4 FSUB SWAP, HANN, SQUARE, LOG
4, FLT5 FSUB SWAP, HANN, SQUARE, LOG, AVERAGE
45 FOFF  FSUB OFFSET DATA FGR DISPLAY
46 FREC UTIL FREE ALL BUFFERS ASSIGNED
47 FWIl  FSUB PREWHITEN (FLATTEN FREQUENCY RESPOKSE)
48  CET L FETCH INPUT BUFFER
49 GETD UTIL FETCH DOUBLE BUFFER
50 GETS Tl FETCK SCRATCH BUFFER
S1  GPLT KBD DISFLAY GRID (LEFT SIDE GNLY)
52  GRID KBDS DISPLAY CRID OVERLAY
53  HOLD  EXEC FORE GROUND HOLD
s34  IFAl  INIT IRIT TABLES AND COMPUTE CONSTANTS
55 IFFT INT FFT INTERRUPT
56  IKBD  INT KEYBOARD INTERRPUT




57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
S0
91
92
93
94
95
96
a7
98
99
100
101
102
163
104
105
106
107
108
109
110
1it
112

SURC HYBRID SIMULATION LABORATORY SYSTEM

ITAB
KBDP
KBIN
KERR
KHLD
KINT
KSAL
KSB2
KSBR
KSDC
LF
LOG3
MOVE
NRDY
PCOO
PCi4
PC15
PC17
PC18
PC21
PC22
PC23
PC24
PC26
PC27
C31
PC32
PC33
PC34
PC35
FC36
PC41
PC42
PC43
PCIN
PHLD
PIN1
PLD2
PLD3
POFF
PON
~TCIL
SCAN
SCOM
SP1
SP1S
STAT
STIN
STRP
SWAP
SWP3
TRG
UBIN
UIN1
UINL
XSQT

INIT
KBD
BGP
KBD
KBD
INIT
KBD
KBD
KBD
KBD
KBD
UTIL
UTIL
EXEC
FGP
FGP
FGP
TEST
TEST
FGP
FGP
FGP
FGP
TEST
TEST
FGp
FGP
FGP
FGP
GP
TEST
FGP
FGP
FGP
INIT
EXEC
INIT
DISP
DISP
INT
INT
INT
EXEC
KBD
KBD
KBD
UTIL
UTIL
UTIL
KBD
UTIL
KBD
TEST
TEST
TEST
UTIL

START KBD ENTRY OF LIST

DISPLAY FEYBOARD BUFFER

KEYBOARD PROCESSOR

RESTART KBD MODE WITH ERROR MESSAGE

KEYBOARD INTERNAL HOLD

INITIALIZE KEYBOARD PACKAGE

STORE ALPHA-NUMERIC

INIT KBD MODE (WITH OLD VALUES)

IMNIT KBD MODE ’“ORCE NEW ENTRIES)

STORE DECIMAL

DOWN LINE FEED

COMPUTE LOG(N)

MOVE BLOCE OF CORE

RETURN !NOT READY! FROM FOREGROUND PROCESSOR

INITIATE PROCESSING SEQUENCE

PROC. STAGE ONE -- UNSCRAMBLE, SHIFT, FFT, PASS TO TWG
NO-OP PROCESSOR, FIRST STAGE

TEST PROC. STAGE ONE -- CONT INPUT, DUM, SORT, PASS TO TWO
TEST PROC. STAGE ONE -- TRIG INPUT, DUM, SORT, PASS TO TWO
PROC. STAGE TWO -- FILTER #3, COUNT AVERAGE THEN PASS TO THREE
NO-OP PROCESSOR, SECOND STAGE

PROC. STAGE TWO ~-- FILTER #4, PASS TO THREE

PROC, STAGE TWO -- FILTER #5, COUNT AVERAGE THEN PASS TO THREE
TEST PROC. STAGE TWG —- FFT, FILTER #3, PASS TO THREE
TEST PROC. STAGE TWO ~- PLOT RAW DATA

PROC. STAGE THREE -- LOG, AVE., DISPL MAP, PLOT

PROC. STAGE THREE -- LOG, OFFSET, WHITEN. DISPL MAP, SLOT
PROC. STAGE THREE -~ OFFSET, WHITEN, DISPL MAP, PLOT (HALF BUFFEP)
PROC. STAGE THREE ~- LOG, AVE., DISPL MAP, PLOT (LOW ARC OFFSET)
PROC. STAGE THREE -- OFFSET WHITEN, DISPL MAP, PLOT

TEST PROC. STAGE THREE -- LOG, AVE., DISPLAY PLOT

PROC. STAGE FOUR -- CLEAN UP AVERAGE

PROC. STAGE FOUR -~ SUBT LONG AVE., DISPL MAP, CLEAN UP
PROC. STAGE FOUR -~ SUBT '"UNG AVE., DISPL MAP (OFFSET), CLEAN UP
INITIALIZE PROCESSOR, INPU™ TLIGHT PARAM.

PLANT HOLD (FOREGROUND) -- N. LINK TO EXEC

INITIALIZE PROCESSOR, NO INPUT

X~-Y PLOT

GREY PLOT

POWER FAILURE INTERRUPT

POWER RESTART INTERRUPT

RTC OVEFFLOW INTERRUPT

EXECUTIVE SCAN LOOP

PROCESSOR SELECT

INIT KBD MODE FOR SINGLE PARAM.

TERM. KBD MODE AFTER SINGLE PARAM. ENTRY

UPDATE STATISTICS

INIT STATISTICS

REPGRT STATISTICS

PROC. BANK SELECT FUNCTION

SWAP HALVES OF TWO BUFFERS

MANUAL TRIGGER FUNCTION

UNIVAC BUFFER iNPUT (BAZKGROUND)

UNIVAC INTERRUPT

UNIVAC INTERRUPT (DUMMY)

SQUARE ROOT

46




=
&g’ggg 4 B S X SR o DM TS Voot oo oty arommd < e ptt it o Rom e & . Y s APEAARE 2 — s -

3.0 ANALYTICAL STUDIES

3.1 Theoretical Modeling

The successful translation of the frequency-domain data obtained via the
FFT into & terrain map requires an understanding of the geometry of the radar-
target configuration as well as the meaning of a power spectrum estimate over
a finite time T using in-phase and quadrature phase doppler signals. In this
section, both of these points are briefly discussed in order to help in the
interpretation of the graphs that are presented throughout this report. The
problem of estimating the radar cross section of a target from the power spec-
trum estimate is also considered.

3.1.1 Geometry of the Radar-Target Configuration

Consider an airplane travelling along a straight line at a constant
altitude above ground. The plane carries a radar with an antenna mounted at
right angles to the fuselage, i{.e., 90 to the flight vector. As in the actual
experimental configuration, the antenna is mounted on the port side (left) of the
aircraft. Wittout significant loss of accuracy, a flat earth approximation is
used.

Let the radar have slant range R_ (measured from the leading edge of the
transmitted pulse to the leading edgesof the range gate) and a range-gate width
. of ARS. The altitude of the aircraft 1s denoted by h. A rectangular coordinate
system is centered on the aircraft as shown in Figure 3.,1. Note that the
velocity vector is in the +y direction, and the antenna is mcunted along the
positive x-axis. The azimuth angle ¢ is measured from the antenna boresight,
with positive angles having a positive y-coordinate and negative angles, a
nagative y-coordinate.

The ground range Rg is given by
R? = R? - h? = 2 + y? ,
g s

and the angle between the velocity vector and the range vector, denoted by U,
is given by

o= ~1 v/
g cos (,;RS)

The depression angle 8 {s specified by the relaticn

sin § = h/R or cos 8§ = R /R .
g s

s odd
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AIRPLANE
(0,0,0)

(x,0,0)

v
velocity
vector

(O)Y:O) H

7,

0,R ,h)\;.., _________ —— e e
h = altitude

¥ = azimuth angle

R = slant range = |R]

Rg = ground range

y = angle between the vectors
v and R
P

(x,y,0)

Fig. 3.1. Radar Geometry.
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‘ At this time,
E R + AR -y
t = ¢t = B _ 8 70 (3.4)
o v
: The targzt leaves the range gate at time
. R +AR -y
t = ¢, = &2 &8 "1 (3.5)
i v
g
where Yo also shown in Figure 3-2, 1s given by
- 2 _ 2 (3.6)
Yy Rg %o

The time-on-target is thus given by ty - t,. At a negative azimuth angle the
target reenters the range gate at time

) R +AR&+ vy

e = ¢ = £ (3.7)
i v

and leaves at time

t = ¢7 = B . (3.8)

Thus, for an arbitrary time,t, a doppler return is obtained from the target
only if t, <t <t , or t{ < t <ty . The y-coordinate of the target is
glven hv

“xas e w—a————

f : y = R_+ AR -v t, (3.9)
g 8 g
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The range gate illuminates a semi-annulus on the ground, as illustrated
in Figure 3-2. Note that the trailing edge of the range gate pulse is speci-
fied by Rg + ARS. The corresponding width of the annulus (the projecticn of
the range gate on the ground) 1is given by

N/ 2 2 [z
ARg (Rs + ARs) h Rs h

Note that AR, is independent of azimuth angle, so that R_ + ARg ie known as
soon as h and Ry are fired. &

Let the airplane have a velocity of v _; the ground speed of the plane is
given by Ve = val, and the radial velocitg of the target with respect to the
piane, by

<l

= VvV _cCcos yr
P T VpeesUT

where r is a unit vector in the radial direction. Referring to Figure 3-1, it
is easily shown that

= v = _X.. = 2 2 2
v lvrl vg Rs vg (y/ /4 + y“ 4+ ht) (3.2)

v sin cos € .
g ¢

Assume that a point target on the ground nas a fixed position. If the airplane
flies at a constant altitude h in a straight line, the x-coordinate uf the tar-
get will be constant; denote it by x,. Two distinct cases are considered below:
(1) x <R ,and (2) R < x <R + AR

0 g g o g 4

Case 1

Let t = 0 be chosen 25 the time when a hypothetical poirt target aiong the
flight path (x = 0) is first illuminated:

The coordinates of this point are (O, Rg + AR, h), and the coordinates of the
actual target being considered are (x,, Rg + ERg, h), as can be seen by re‘er-
ring to Figure 3-2. The target at x = x, ls first illuminated when the plane
has traveled a distance Rg + ARg - Yoo shown in Figure 3-2, is givep by

y = ./(Rg ~ ARg)2 - xé : (3.3)

(o}
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and the instantaneous doppler frequency by

fd = 2vr/A = (2vg/k) (y'Rs), (3.10)
where
RZ = x2 + yz + B2
s o
Case 2

For Case 2, R, < x4 < (Rg + ARg), as illustrated in Figure 3-3. The
target enters and leaves the range gate only one time; however, the “ime-on-
target is significantly longer than for Case 1. Since the “uner edge of the
range gate is not interse:ted, Equations (3.3), (3.4) and (3.8) hoid for Case 2,
with the time-on-target given by t; - t,. This situation provides come inter-
esting possibilities for signal processing, where the doppler frequenc; shift
of the target return is taken into account in computing the average nower
spectrum estimate.

3.1.2 Interpretation of the Power Spectrum Estimates

To interpret the power spectrum estimates, the relation between the
finite, discrete FFT and the terraii illuminated by the range gate must be
considered. Furthermore, the effect of using both in-phase and quadrature
phase donpler data to form a complex-valued input to the FFT should be well
understood. This problem is discussed in a separate appendix. This section
concentrates on the discrete nature of the FFT, defines the term "frequency
bin,"” and shows that the azimuth sectors corresponding to a particular bin
vary in size as the azimuth angle varies.

Consider a 256-point FFT with complex-valued outputs denoted by X(n),
n=0,1,2,...,255. Since the FFT produces a cyclic oivtput, it is sufficient
to equivalently consider the set of values

X(k), k = -127, -126, ..., -1, O, 1, 2, ... , 127, 128,

where the relation X(-m) = X(256-m) defines X(k) for k negative. This
particular numbering system is used to represent the double-sided graphs
throughout this report.

Let the sampling rate for the input data be denoted by fg = 1/4t, and
for simplicity, let N = 256. The index k on the FFT values represeats a
frequency value of

fk = k fs/N = %/ (N&t)




!
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Fig. 3.3.

Path of target illuminated by rthe range gate at ¢ = 0.
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Only these frequencies can be represented exactly by the FFT. Frequencies f
such that fk,‘ < f < fi contribute to all of the FFT coefficients, with the
primary contributions going to the neighhn-ing points. With this consideration
in mind, "frequency bins," indexed by t! iateger k, having center frequency fis
and a bandwidth fg/N, are defined as a band of frequencies extending f /N on
each side of the center frequency fi. When applied to the doppler return sig-
nals from the radar, the bins are often referred to as "doppler frequency bins."

In t:e FFT output, there are N frequency bins, and the maximum center frequency
is 4f..

With reference to Figure 3,1 and the analysis of Section 3.1.1, the doppler
frequency f4 due to a stationary point target is given by (3.2) and (3.10) as

2v
fd = _X& sin ¢ cos 8 . (3.11)

Since the depression angle, 6, {s determined solely by the slant range and the
altitude of the aircraft, fq ~an be viewed as a function of azimuth angle, ¢.
Holding all other parameters constant, a target at azimuth angle, ¢, falls into
frequency bin k if

fio ™ %(fS/N) <fy ot %(fs/N) )

where %(fs/N) is the bandwidth of the bin.

From (3.11), note that although the bandwidth of the bins are constant,
the azimuthal sector included by a particular tin is a function cf ¢. An
approximate relation is given by

A Afd

ne
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2v  cos cos 8
2 ¢

from which it 1s seen that the azimuthal segments are larger for small azimuth
angles.

From the above discussion, it should not te assumed that o target will
appear in a single frequency bin This would be impossible for two fundamental
reasons: (1) The target's doppler frequency changes with time, especially at
small azimuth angles, and (2) The inherent resolution of the finite, discrete
FFT is limited to approximztely the inverse of the total FFT time.

3.1.3 Improving the Target-to-Clutter Ratio

A significant improvement in the target-to-clutter ratic is realized
with FFT processing due to the partitioning of the terrain covered by the
range gate into doppler resolution cells. For targets positioned such that
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the time-on-target is relatively long, the doppler frequency changes during
the time-on-target interval. For the situation shown in Figure 3.4, the
doppler frequency variation is approximately linear with time, and the target
moves through several doppler frequency bins. One scheme that can capitalize
on this phenomenon to improve the target-to-clutter ratic is described below.

Let the total time-on-target be denoted by Ty, as shown in Figure 3.4.
The .complex doppler signal (in-phase and quadrature) 1is sampled at a rate,
fs,during this interval, resulting in a sequence of data with f. T, points.
If a FFT were calculated using the complete interval, the energy due tc the
target would be spread over several frequency birs. However, if the TFT's
are calculated cver shorter intervals, they may be shifted in frequency to
account for the doppler frequency change in the target return in such a way
as to pur the target in the same frequency bin each time. An average of
these adjusted FFT's (on a noncoherent basis using the power spectral estimates)
should result in an improvement in the target-to-clutter ratio if the clutter
contributions in the doppler cells are independe.c. Equivalently, the spec-
tral estimates can be averaged along a diagonal whose slope takes the radar-
target geometry into account.

It is also possible to use overlapping segments for the FFT calculations.
An important parameter in this situation is the number of sample points
successive FFT's ({.e., the number of new data points). This parameter is
denoted by ISHIFT. One criteria for choosing ISHIFT is to require the target
to move exactly from one frequency bin to an adjacent bin for successive FFT's.
This optimization of ISHIFT is discussed in the next section.

ronge gt

R —
™~
S
e

TARGET
PATH

=
(
S

v

Figure 3.4 Range Gate Projection on the Ground
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3.1.4 Optimizing the Parameter ISHIFT

The objective of this analysis is to find an expression that relates
the parameter "ISHIFT" to the radar geometry in order that a target passing
tangentially through the range gate, as shown in Figure 3.4 appears in suc-
cessive, adjacent frequency bins of the discrete Fourier transform (DFT).
The resulting equation, derived below, is given by

4 R N

ISHIFT = ——Er§—- ,

g

where A¢ = sector angle in radians

o9
"

ground range

<
(]

ground speed

N = number of sample points usea for one DFT

I
=
a.
-3
[

NAt = total time required to sample data (at a sampling rate
of fs = 1/40t).

0¢ is the sector angle in radians corresponding to the zero-th frequency bin
of the DFT, assumed centered around zero with width Af = £,/N = 1/T. At
ground range, Ry, the sector dimension aleng the ground track (y-coordinate)
is approximate%y given by

= . 3.12
d Rg A¢ ( )

If we desire the target to mcve exactly one doppler frequency bin in time Ty,
we must have

d = v_T . (3.13)

ISHIFT is defined as the number of sample points unique to each subsequent
DFT calculation, as illustrated in Figure 3.5. For an N point DFT,

ISHIFT = N |, (3.14)

go that the next DFT starts Ti seconds after the previous one.

F
4
1
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Figure 3.5, Representation of Time Data Intecrvals

Equations (3.12), (3.13) and (3.14) can row be combincd to yield

. A& RN

' ISHIFT = —;——g— (3.15)
. 1

; g

which is the desired result. We now consider A3 in more detail. The doppler
frequency fd from a point target at a depression angle “ and azirmuth angle
is given by (3.11) as

2 v
f = _—X& cos t sin o.

Holding £ constant,

L = -—B& cos * c¢cs 4

-
>
-

2 v
cos & 4 . (2.ih)

-
1
/L

Fui thermore, the slant range Rs and preund range R e tolated by tne guat.on
!

R = R cos © 12.17)
g s
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Thus, golving (3.16) and (3,17) for a4,

A Afd Rs A Rs
A =
¢ 2v R 2v TR * (3.18)
g 8 g 4
where we have used fd = 1/T.
Substituting (3.1i8) into (3.15),
A Rs N
ISHIFT'Z—(TT—)T
g
AR (f)?
- s ( s) , (3.19)
2 v: N
g

where the relation T = N At = N/fs has been used.

3.1.5 Radar Cross Section

The radar cross section of a target is a quantitative measure of the ratio
of power density in the vector signal scattered in the direction of the re-
ceiver to the power density of the radar wave incident upon the target. Targets
may be classified as point targets and distributed targets. OJue of the required
objectives of this prougram is the reliable detection of point targets in a dis-
tributed clutter environment (i.e., detection of a standard target in a clutter-
background that may be varied). Inherent in this study is the measvrement
of the clutter echo from environments chosen for backgrounds at the frequencies,
aspect angle and polarization used. Although it is common to refer to the
radar cross section of an object, it is reasonable to point out that radar
cross section depends upon the target shape and material, the angle at which
the target is viewed, and the frequency and polarization of the radar antennas.

3.1.5.1 Standard Target

The point target most prominently used during this program was a square
corner reflector. Its cross section is given by:

The cross section (c) of a square corner reflector! is:

_ 127 at
max A2 (3.20)

" Barton, David K., Radar System Analysis, Prentice-Hall, Inc., Englewood
Cliffs, New Jersey, 1964,
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For a seven-foot corner reflector at 140 MHz where A = 7 ftwa 4

12 ma*

a2

o = (12) (m) (49)
0 = 1849 ft? = 171.77 meters?

The same seven-foot corrner reflector at 50MHz where ) = 19.7 ft

s 12 n a*
AZ
s = {2) (M (2401)

388
2 2
c = 233 f¢ = 21.66 meters

3.1.5.2 Monostatic Cross Section

A monostatic cross section of the square corner reflector was determined
through an expression using direction cosines. To find the symretry dng’e all
three direction cosines wust be equal. Thereby, all the angles are 54° 44~
Therefore, the depression angle of the reflector (when seated on one side) is
359 16”. Further investigation of the reflected energy indicated that the
1scus of half power points lie in a loop which makes an angle of 11° 97 about
the boresight line (see Figure 3.6). This data was used tc determine flight
parameters for data gathering.

3.1.6 Comparison of Theoretical Cross Section to Received Data Cross Section

Initial attempts to correlate the received data and target .ross section
indicated that the peak received target power in one bin is only a portion of
the total received power needed to calculate the target cross section. The
portion of the received target power contained in the e¢lcmental filters on
either side of the peak power bin must be included, cicrelore, Lo ove
several bins is added to obtain the total received tarfet power. Tigfur. 3.7
represents the power envelore that contains the total rc¢ceived power necessary
for cross section resolution. Computations of target cross sections require
the inclusion of a single side band test signal as part o1 the mwasurement
procedure.
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Figure 3.7 Power vs. Target Doppler Fregquency

To catculate the target radar cross section (RCS) by utilizing coilected dJata:

The received energy can be determined from the radar equation;

e

Solving for the cross section, and adding the power ratio, we have

. P_RY (47)3

P_ 6% A% (Power Rat..)

E o caiculate the cross section, the target range (¥) and the power
recerved (?R) must be derived for carct tuarget.

6i
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8 = depression angle

v = azimuth angle

A = wavelength (ft)

v = aircraft velocity {(ft/s)
fD = dopypler frequency (Hz)

In order to calculate the target's true range, we must first find the
depression angle (8), as shown in Figure 3.8.

8 = arc sin (Altitude/Slant Range) (3-22)
If the target 1is off boresight, then there is a .v doppler frequency
which must be used to determine the target's range. . .. following is the

moving target equation:

2
f = 5 cos 8 sin ¥
Solving for sin ¥, we have

sin ¥ =

\
o
[
re
[
-
E
?Ej: a8
/ v
/ ~
/

\ ®iant Q’Ingc
i "{\ o
\Jd 1S QQ:?G :
]
i

Target

Figure 3.8 Flight Geometry
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Substituting (3.22) for 6, and solving for the azimuth angle, we have,

f

- D . 709
v arc sin {Zv cos (arc sin altitude/slant range! y! (3.23)

If cos ¢ = sisnt range/target range,

then Target Rarge = §l%§§_§§5&§
5 ¥

Substituting (3.23) for ¥, we have:

Slant Range

Target Range > Y . ; " ,
B & cos {arc sin (fi1/2v cos {arc sin { altitude/slant range’® )

This value can now be used directly in the RCS equation (3.21),

3.1.5.1 Target Cross Section from Run 622

A test run was made to determine the cross secton of a ta
data. The following is a computation of the square corner refl
cross section from live data.

get from real
[ 4

T
ector radar
SR = §lant Range
DS = Range Gate Dial Setting = 1.26
SR = 410 + 1S (1542)
Therefore,

SR = 2353 feet

A = Altitude = 1150 feet

(ol

[yed
]

Depression Angle = arc sin {A/SR) = 19,3

i
|
|

; fD = Doppler Frequercy ¢ Target = 6.4 Hz
; : A = UWavelength of Carri. Fregquency = 7.03 feet
§ v = Velocity of the Afrcraft = 199.5 teet/second
1 i $ = Azimuth Angle to the 7arget
g ? Y = arc sin (lfD/ZV cor ©) =~ 7.7

1 } TP = Target Range
TR = SR sec ¢ = 2373 feet
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SSBP = SSB Generator Power = -12 dBm (Reference Signal)
ATT = SSBP Attenuation before the receiver = 40 4B

AP = Difference in Spectral Power between the SSB and
the Target as obtained from the computer printout = -7.77 dB

RP = Receiver Pcver Input in dB
= SSBP - AIT + AP + 3 dB
= -56.8 dB or 2.104 - 10" % mW

The cross section can now be calculated.

P, = Transmitted Power = 3 - 10° milliwatts
= Antenna Gain = 3.93%
L = Power Pitio = .069

(RP) (R)* (4m)’

2 52
PT G® A° L

840 feet?

For a depression angle of 29.3° and an azimuth angle of 7.40, the sguare
corner reflector gives a cross section of 840 feet squared.

At this location, for this test run, the corner reflector should have
produced a .ross section of 1050 + 50 feet squared. Comparing the theoretical
cross section to the live data cross section, we fiid that there .s only a «J%
difference.

3.1.7 Associated Programming Effort

Two programs have been written to aid in cross czction evaluation:

1. The first pregram* automatically calculates target cross secrion
ac a function of azimuth angle.

The program takes previously generated spectra which wis stored on
magnetic tape and allows the operator to look at any numbe. of these spectra
for a targetr indication. Once a target indication is notad the operator has
the option of cutomatically ov manually processing the data to get the target

*algorithms and cconstants are presented in the Letter Report fer February 1973.
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cross section. Pertinent data concerning the live and $SSB experiment is entered
via the keyset. Two parameters entered are the scanning and averaging inter-
vals. The scanuing interval determines the region in which a maxima will be
located. he averaging interval dictates how many elemental filter outputs

each side of the maxima will be summed together. Another parameter dictates

the number of spectra to be utilized for the calculation. Once this number

1s reached a plot of cross section versus azimuth angle is displayed. A sample
plot is shown in Figure 3.9 as compared to a theoretical plot showa in Figure
3.10. Figure 3.9 indicates no cross section arcund 0 Hz. This 1s due to the

way the spectra are calcu.ated; that is, the Hanning window and the "zeroing"
of the "zeroith" elements] filter.

2. The second program increases the target-to-clutter ratio of tha air-
borne FOPEN radar. The importance of this scheme is that it keeps a point
target in one frequency bin for many seconds. Consequently, a longer interval
can be used to gather data for one FFT. It is alsu noted that the doubling of
the length of the FFT increases the signal-to-clutter ratic by a factor of two.
This increased sample interval leads tc smaller spacing between individual
elemental fiiters in the frequency domain nd to smaller azimuthal sectors.

The derivation of this technique follows:

Let v = aircraft velocity (feet/seconds)
A = wavelengtn (feet),
Rs = slant range (feet),
t = time (seconds),
and fs = sampling frequency = 468.75 Hz

Define the index, k, by the relation
t = kit = k/fs. {3.25)

The return signal from a point target, after homodyning, can be represented bv

x(x) I(k) + jQ(k) = exp {-iBt?} , (3.26)

where B (27/2) (vzlﬁs)
Using (3.25) «.d (3.26), and defining ¢ = B/(fs)z, we have

x(k) = exp {-jCk?}.
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Ve now define the modulation frequency function, m(2), as

m(2) = exp {+jce?}

Performing a complex multiplication of the two functions, m(£), and the
return signal, x(k), yields

Z(k) = ) xk)

where £ = n+k, and n is a ccustant.

Z(k) exp (iCL?) - exp (-jCk?)

L}

exp {jc(? - k¥)}

exp {jC(n? + 2nk + k% - ¥?)}

exp {jC(n?)} - exp {j2Cnk} (3.27)

The first exponent on the right-hand side of (3.27) is a constant phase term.
The second exponent can be written as exp {j(2Cn)k}, where 2CN i: constant
and k is the time index; hence this term represents a constant frequency.
Takiag the discrete Fourier transform of Z(k), we will obtain a single peak
in the frequency domain, indicating the presence of the point target.

Fir -es 3.11 and 3.12 are representative outputs of this program with and
without *he scheme being utilized. Both spectra are computed with 1024
sample points over the same time period. No averaging has been done which
explains the amount of variance noticeable in the spectra. As expected, the
target signal is now a narrow peak (Figure 3.11) due to the modulation scheme.
One also notices that the signal-to-clutter ratio in Figure 3.11 is 3 to &4 dB
better than in Figure 3.12, as predicted.

3.1.8 Theoretical Investigations

A number of theoretical investigaticns were undertaken to determine the
linmitations imposed upon the prototype system by the natural and operational
environments. Three of these investigations are included as appendices to
this report. The limitations enrountered in this pregram as in other programs
of a simila, nature were ground clutter, aspect angle and glint reflections.

It is obvinus from thesc investigations and a literature search that the
results of the program could be affected drastically by experimental conditions.
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3.1.8.1 Glint Reflections {Appendix B)

Two isolated experiments are summarized here to illustrate the effect of
glint reflections upon the program.

The first experiment, Number 845, was conducted to resolve the differences
between the calculated cross section of a stationary parked aircraft and the
measured cross section of this aircraft, Figure 3.13 is a representation
. of the problem. The aircraft presents a flat surfact target perpencicular
to the ground.

The glint equation is as tollows:

_—
L6 TA Sin? (96° - ¢) (3.28)
G A2
A = target area, perpeandicular to the ground
A = wavelength of the transmitter energy

an B R Y e ST WY T RIS
I
[
=]

8 = depr2ssion angle to the target

An estimate of the aircraft's surface area was determined from a
photograph and a scaling facter applied.

A = side area = 224 sguare fect

; & = 14.7 degrees
) - A
i ¢ ° = 4;2h:l— sin? (909 -~ 14.7%) + 48,157 square feet

For Experiment 845, the raw data value of its maximum cross section was
46,741 square “eet. The difference between the glint and the raw data values
iniicate an error of only 2%. Therefore, the large value for the previouc test
- was probably aured by the geometry of the data gathering, where glint return
can change depending on the range gdte and the aircraft's altitude.

During the lahke tests the measured cross section value of the square
corner reilector (from Experiment 619) was 3276 square feet. <(alculating tne
theoretical value, using the depression angle of 19 degrees ~nd the position
of the corner reflector, the maximum radar cross section shcouid have been 670
saiare feet.
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This large raw ~uta value could have been caused by glint. The following
is the glint cross section equatiru:

160 42 5402 (90° - £) (3.28)
32
§ = depression angle
AT = aperture squared
A? = wavelength squared

For this problem, the aperture of the SCR can be determined by the flat
plane equation

o 47 A°
’\2
2 _ @C Az
A = am (3.29)

Substituring A? from Equation (3.29) into Equation (3.28) we have:
oc 4 OC sin® (90 §)

if 5 equals fifteen degrees, then the glint cross section is:

g

2799.6 square feect

The normal reflected energy chould be added to the glint energy to
p-oduce the final reflected cross section of the target.

Normal maximum cross section of the corner reflector is 750 square feet
and the maximum glint cross section is 2799.0 square fect.

Total 0 = ¢c. t ¢

G CR

0 = 3549 square feet
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Therefore, the very large value of the cross section data could have
been caused by the additjon of glint reflection to the normal returned
signal.

3.2 Data Processing (UNIVAC)

Concurrent with the development of the radar signal processing hardware
described in Section 2.0, radar data was collected and analyzed using a
general purpose digital computer. The data collection effort is described
in detail in Section 4.0. In this section we shall describe the software
used to process the data and give somz examples of the output obtained from
the computer programs.

3.2.1 Description of UNIVAC Software

Developmental analysis of the radar data base was performed on the
UNIVAC 1706 computer with the aid of software that ut{liz d the interactive
capabitities of the CRT and keyset peripheral devices. Tne primary intent
of this section is to document the existence of the various computer programs
and give a brief summary >f their usage and capalilities rather than to com-
pletely describe the coding and operation. Much of the software used on the
UNIVAC for this contract was developed under previous efforts, and has been
described in other reports*. 1In particular, the tape nandling and display
programs, and the summary and reporting programs are virtually unchanged
from their previous versiscas. The data reduction program, which forms tha
condensed data tapes €DT's) from the raw (fjeld) data tapes has teen improved
and is described in the March 1973 letter report**, The remaining programs
to be described are PPQUA3, XSECT, and S{ATAR.

3.2.1.1 PFQUA3

PPQUA3 is tke fundamental spectral analysis program for converting
sampled time donain data into the frequency domain using the Fast Fourier
Transform (FFT). Power spectrum estimates are displaved on the CRT, and
information relating to the absolute power reference cf the received signals
is calculated and printed for later use. The pzrameters used in foruirg the
power spectrum estimate are very flexible and may be varied at the uvser's
request. The basic difference between this orogram and the spectral analysis
programs of the previous contract is that both in-phase and quadrature phase

* See "Moving Platform Investigation for FOPEN Radar,' SURC TR-71-249
November 1571, pp. 59-65.

** Letter Report, "Moving Platform FOPEN Radar Prototvpe Development,"
Contract DAAD05-72-C-0229, March 1973, Section 2.1.
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data is used to form double-sided spectral estimates rather than using only
a 3ingle channel cf doppler information at a time.

The program operates in two distinct, independent phases, In phase 1,
time data from & CDT is processed via the FFT algorithm -- either the soft-
ware or hardware version —- and subjected to a Hanning window to help eliminate
sidelobe distortion. Each time-data sample is a complex number which is
deteriined by simultaneocusly sampling both the in-phase and quadrature phase
channel of the demodulated doppler signal from a given range gate. The
number of pcints used for each FFT,along with the overlap between successive
sets, is variable and controlled by the user. Each se. of Hanned FFT co-
efficients is then subjected to a magnitude squaring operation and, along
with appropriate header information, i: written onto ma-netic tape for later
processing either by the phese 2 logic or by other programs. This frequency
domain data set is commonly known as a modified periodogram.

In phase 2, frequency data is rvad from magnetic tape, smoothed and then
displayed on the CRT under the interactive conirol of the user. Smoothing,
accomplished by averaging a number of successive pericdograms, reduces the
statistical variability of the estimate at the expense of processing resolutiomn.
The result is . double-sided power spectrum estimate of the doppler fre-
quencies returnad from a segment of terrain as determined by the range gate,
aircraft altitude and velocity, and the duration of the time data contained
in the average.

3.2.1.2 XSECT

The UNIVAC program XSECT computes the radar cross section of either a
target, distinguished by a pr~uinent peak in the power spectrum estimate,
or a given patch of clutter, as determined by a specified azimuth angle.
Spectral estimates generated by the first phase of PPQUA3 are utilized by
XSECT to perform the indicated operations. An absolute power reference,
taking into account all system gains and losses, is established by perform-
ing a calibration experiment using a singie-gideband jenerator. Actual
received siznals, with the gains unchanged, can then be¢ compared to ihe
calitration data and adiustea according to the magnitude c¢f the power spectrum
estinates. {See Tab B).

The program uses the principle that the power reflected by a giver patch
of terrain (or a target) is equal to the integral of the power speciral dens .ty
over appropriate frequencies corresponding to the azimuth extent of the patca.
The analyst can tnus measure .lutter cross section at any azimuth angle and
compare it to observed target crcss sections. The target cross sections are
calculated for verious azimuth angles, which change according te the moution
of the aircraft, and rise to a maximum when the radar illuminates tha largest
area. These mexsurements are useful for determining the probability of target
detection.
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3.2.1.3 STATAN

The UNIVAC program called STATAN attempts to enhance the detection of
a target utilizing sequences of power spectrum estimates generated by phase 1
of PPQUA3. A matrix of power spectral density values with frequency in one
dimension and time in the other is formed within core memory. Taking into
account the changing doppler frequency of a target, a diagonal average is
computed along the matrix. In principle, rhe target reflections should
exhibit a greater degree of coherency than returns from clutter, and the
presence of the target should be easier to detect. This program is con-

aveae

tinually undergoing modificacions in its basic algorithm, and is generally
thouy of as experimental.
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PARAGRAPE 3 - TAB A
Spectra Averaging

To average spectra from the same sectfon of ground,data tust be obtained
at different times. A_suming one range bin, a matrix of spectral amplitudes
can be written with each row corresponding to a particular frequency bin and
each column to a particular time. Referring to Figure 3.14 it can be seen
that a target takes on a range of azimuthal values, hence a range of doppler
frequencies as it is passed cver by the range gate. If the range of frequencies
is broken into discrete bins the target will pass through several of these
bins. If time increments are properly chosen the target will pass through one
time increment while b2ing contained in one freguency bin. Moving downwards,
Fig.3.1k yields higher frequencies corresponding to angles more forward of the
normal to the platform velccity vector., Moving toward the right ylelds later
times. Moving diagenally uwpward and to the right corresponds to the amplitude
returns from a single stationary point object on the ground,

7/

/
y;

e

Amplitude returns from a
single stationary point.

» L

Figure 3.14. Target Averaging Relationship

The speed of the aircraft, the sampling -ate, and the number of samples
used to obtain a spectra can be adjusted suc. that the angle of the locus of
the returns from an object will be 45° to vae horizental, or 30°, etc.

For example, increasing the speed of the aircraft will increase the angle .
For ease of manipulation, o = 45°, or 30° is chesen.

Calculation of the sampling rate which will cause the locus of returns
from a sirgle object to fall or a path of 45° to the horizontal follows.
Doppler frequency is given by:

2v .
fD Y cos ¢ sin ¢
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v = velocity of platform

L = wavelength

8 = depression angle

¢ = azimuth angle (stgaight ahead = 900, -ight broadside = 0°

tn the rear = -907)

Let Af be the spacing between frequency bins apd T .12 time used to gather
data for one spectrum, then

1
At =
Define Ay by
" )
A = =1 o8 8§ sin A6

A

Distance (velocity) {time)

4 = vt

d = (CR) 2& = vT
LAy o= vTH{GR)
where GR = ground tange
and SR = slant raage

D2y

L = == cos ¢ sin (VI/(GR))

A




SR

&R T~

cos 8 = GR/SR

sin vT ~ vT
{GR) (G=)

Af A 2v _ (GR) vT

Vo (SR)  {(GR)

2 v T

of = (SR)

1 2 v?

T« A (SR)

1 1 3

T " n it T

n = number of samples used to obtain one spectrum

At

tine between samcies = 1/s

s = sampling rate

al A{SR)
TH(SR)
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A -

n = £S12

v = 120 mph = 176 ft/sec
SR+ 1500 ft

then
s = 512 + 176 J(;;?%EEBY

s = 1242.9 for slant range 1500 f:

s = 879.14 for slant range 3000 ft. a = 45°, v = 120 mph

We can also compute the velocity required to c¢btain the same 45° locus for
a given sampling rate s

<
]

% Y A(SR)/Z

For example, v = 66.4 ft/sec.

when s = 468,75
n = 512
A= 7
SR = 1500

For a locus with a = 630, simply set vI = 2(GR) &y

Ay = -—%— vT/C~

2v

T
Af = Y cos 8 sin ( Y

R))

(SN ]

e

v (GR) 2 vT

1
T A (SR) 2(GR)
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2

4 v v

T A (SR)

£y 2

2 XA (SR)

S < nv J1/% (soY
. v N % VA (SR}

for s = 468.75, A= 7, n = Si2, 37 = 1500
468.75 rm—————
= Y7 (1500)
v = .915 /10500
v = 94 ft/sec. for SR = 1500 ft

= 133 ft/sec. = 90.5 mph for R = 3000 ft.

The same effect can be cbtained by shifting forward on the time data, by the
right amount, before taking each spectra; this, in effect, is an adjustment of n.

/—'—2—_
s = v -

X (SR)

let s = 468.75

SR = 1500 ft

2813 5750

R T DT




34000

v - - ft/sec, SR = 1500 fc
v = 5*—33—0‘3 ft/sec. SR = 3000 ft

If v = 118 knots = 136 mph = 200 ft/sec.,

34000

n 200 170 SR = 1500 ft
24000

n 200 120 SR = 3000 ft

When more than one range bin is present, we can construct a three-
dimensional matrix where the addi:ional dimension is range. $ee Figure 3.15.

R

/1

> £ imE

Figure 3.15. Three-Dimensic al Diagosal Averaging

Averaging diagonally within a range plane can be done just as before. We
can take into account the variation in vrange with azimuth iy averaging
elements of our matrix from different range planes.
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PARAGRAPH 3.0 - TAB B

Signal Injection Caiibretion

Czlibration of injected signal was accomplished through the use of &
beacon with known cheracteristics. For these tests both an omni antenna
and a directional antenus with 6§ dB gain waw used on the beacon.

The beacon was placed on a platform approximately 30 feet off the zround.
Range to the bez2con was determired by summing the bezcon delay, the radar
delay and the two-way cable deluy and subtracting the total from the delay
of ~he radar return. This method was checked for 2 10(foot actual range
ard was found to he accurate. The effective range tc the beacon was feound
to be B840 feet,

The video signal resulting frow the transmitting beacon was measured
(photographed). The receiving antenna was them disconnected and a calibrated
R¥ scurce connected to the radar. The KF power levei needed to make the widee
due to the injected kf source equal to the video due to the transmitting beacon
was measured.

Applying the radar equation to the beacon data where:

® GG )2
I e i S
R (4 7 R)?

and

P, = power received
P_ = power traasmitted by heacon
C. = gain transmitting (beacon) antenna
G = gain receliving antenna
3 = wavelength

R = range

when
PT = 10 watts
G. = 6 ¢dB
H
GR = 6 dB8
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A = 7 fest

R = 340 faet

7.04 x 10" =W

o}
]

P

R -11.52 dBm

The celculated power incident on the redsy entepna is -11.52 dBm. The
mazcitude of the injected signal was amasured as ~11.0 dBe irndicativg a
successful technique of sigpal injection. The experiment was repeated with
an omni antenns on the beacon and again the results closely correlated.
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4.0G  DAT.. COLLECTION
Duta collection was accomplished using an alrborne wounted FOPEN radar.
The dopipler output of the radar was converted to a 12-bit digital signal,
recorded own magnetic tape and later processed on the UNIVAC 1206 computer.
Selection of clutter enviromments for data collection inciuded:
a)  lakes
b) farm land
¢) coniferous woods
d) deciduonus woods
e) open areas
A corner reflector was constructed and used as a calibrated target.
The ability to compute the radar cross section of a target or patches of
clutter <irectly from the doppler data was provided through signal injection

procedurs,

“te following sections will describe in ¢~tail the radar hardware, instru-
mentatici, 3rnd data collection techniques wused in the =actual data collection.

4.1 ©Description of the Data Collection System

The data collesction system* is comprisaed of
1. A FOPFN radar with three range gates
2. A horizontally polarizad antenna
3. A data recording system
4. A data processing systenm.

Figure 4.) depicts the system insirumentation {n block diagram form.
Data was collected and processed in the following manner:

The transmirttor is used to transmit a horizontallv polarized signal.

The retu~n sigral 13 received and precessed through three adjacent
range gates with the center range sate used as the reference for range
settings,

*See also "Moving Platform Investigetice for FOPEN Radar," SURC TR-71-249,
November 1971. Section 2.0 Data Collection
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The data recording system accepts six analog doppler outputs which were
multiplexed, digitized and recorded on magnetic tape in a preselected format.
These tapes are referenced as field data tapes.

Data from the field data tapes were read into the UNIVAC 1206 computer
where they are sorted, compressad, reformatted and stored on new tapes
refererced as condensed data tapes, This process involved using an IBM
compatible tape transport and formatter.

To faciiitate locating the given target from the aircraft, a beacon
(cransponder) was positioned at the target site. Iuterference with the
target sprectrum by the beacon was suppressed by delaying its respomnse.

4.1.1 FOPEN Radar

The instrumentation FOPEN radar is shown in Figure 4.2. It differs from
the radar utilized on Contract DAADOJ5-71-C-0156 "Moving Plattorm Investigation
for FOPEN Radar" in the following ways:

1) the addition of a block of audio gain
2) a change in the radar frequency and PRF

3) the addition of Post boxcar amplifiers to insure
utilization of the full range of the analog to
digital converters.

4) the addition of the Sensitivity Time Control (STC) to
insure a reasonable gain distribution over the ranges
of interest.

4.1.1.1 Transmitter

The tiansmitter includes the lccal oscillator, the PRF genarator, pulse
amplifier and power amplifier. Its maximum power output is 5 kW at a center

frequency of 143 MHz. It operates with a pulse width of 200 nanoseconds at
a PRF of 10 kHz. As noted in Figure 4.2 the transmitter also

provides a local oscillator reference signal to the phase detector.

A second operating frequency was also used. The change of
frequencies required retuning the transmitter a receive: to

operate at a center frequency of 51 MHz, 10 kW n.  1um power output, a pulse
width of 200 nancseconds at a PRF of 10 kkz.

4.1.1.2 Antenna
The antenna used in the data collection system was ar American Electronics
Lab (AEL) log periodic antenna with a bandwidth ol 100 to 1000 lHz. This

wideband antenna was chosen because of a severe video ringing problem as<o-
ciated with long antenna feed cables.
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Free space antenna patteras indicate a 3 dB beamwidth of 72 degrees
(see Figure 4.3). The antenna gain is 6 dB.

Ruadiation patterns were obtained after mounting the log periodic array
on the aircrafr while the aircraft was on the ground and in flight. These
patierns are presented in Figures 4.4 and 4.5, respectively.

Figure 4.4 exhibits a large perturbation on the left side of the pattern
which is attributable to reflections from the air frame. Due to physical
problems involved, the rozation of the airframe could not be held exactly
constant which results in the aximuth scale of the pattern -epresenting oniy
approximate azimuths.

Figure 4.5 indicates an increase in magnitude of tho distortions which
can only be a result of the change in attitude of the aircraft in raspect
to the RF source. Higher frequency components in perturbations are attiibuted
to efther propeller modulation or antenna vibration.

4.1.1.3 Video Amplifier/Buffer

The original video arplifiers were wuty cycle sensitive which put a severe
limitation on the operator’s target location capabilities. The de<lign ang
implementation of 2 non-duty cycle limited DC coupled video amplifier heas
resolved this problem. Figure 4.6 1s a schematic -{ this circuit.

4.1.1.4 Sensitivity Time Control (STC)

The system AGC was replaced by the STC to control RF gain as a function of
range (see Figure 4.7).

4.1.1.5 Audio Amplifiers

An audio amplifier was added tc the radar to insure sufficient dynamic
range in the recorded data. It is 2 dual stage amplifier with a fixed gain
of 10 dB in the first stage. The gain of the second stage is controlled
from the front panel in eight (8) unequal increments. The maximum gain of
the second stage is 31 d3. Figur: 4.8 schematically pregents this circuit.

4.1.2 Data Recording Equipment

The data recording equipment, shown in Figure 4.9, includes the analogr
control logic, €-channel multiplexers, buffer amplifier. analog-to-digital
(A/D) converters, recorder control logic and the magretic tape rransport.

The aralog control logic contrcis all the timing required t. present the
digital data to the tape transport in the format shown in Figure 4. 10.

The sampling rate of 468.75 Hz i¢ generated in the recorcer control logic

by dividing the 60 kHz cleck by 128. It is synchronous with the clock and is
the input to the sync logic.
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<+— Tape Direction

CANeIERCIIREST T REERITR

16 15 1 13 12 10 8 6 4 2 1
0 0 D T A to D hits
1. Most significant hyte first on tape
2. Most significant bit first
3. The A to D sign bit is bit 12
4, D represents the datw. instruction position
5. T represents the target instruction position
6. D =1 implies data are present
7. T = 1 implies target is present
Tape Sequence
Bit Weights
Word | Clock | 27 28 23 2% 23 22 21 Functions
0 0 0 0 O 0 0 0 0
T=1 .
1 1 0 0 1 &z X X % Boxcar 1 Range 1 Q.
2 X X x ¥ X X X b 4
3 0 0 1 T X X X X
Boxc R
2 4 X X X X X X X ¥ oxcar 2 Range 1 1
5 0 0 1 T X X X X
3 & fIlx x X ¥ X X X X Boxcar 3 Range 2 Q
7 0 0 1 T X X X X
Ra
4 g X % " % % x % X Boxcar 4 nge I
9 0 0 1 T X X X X
B R e
> 100 ¥ x X x ¥ X X % oxcar 5 Range 3 Q4
11 o 0 1 T X X X X .z
6 12 % % X % ¢ % % X 3oxcar © Range I
7 13 0 0 1 i X X X X
14 X X P4 X X X X X
15 0 0 1 T X X X X
Range
8 16 [x X X X X X X X g
17 0 0 0 4] o e 0 0
18 0 0 0 ¢ 0 6 0 0
Figure 4.10. Field Tap.: Format
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The sync logic interrogates the A/D converter and inserts the target
present bit into the data.* The anaiog counter and the control matrix combine
to sequentially switch the multiplexszr through the eight input channels. The
output of the multiplexer is connected through a high input impedance buffer
amplifier to the A/D ccnverter. When a command is given by the sync logic the
digital conversioa is wade. At the completion of the conversion the digital
word is gated to the recorder by the control gate logic. Eight conversions
are made for each PRF interval recorded. Data is recorded every six PRF
intervals.

The three following units are manufactured by Analog Devices, Inc.:

1) Model MOSES 8, multiplexer, an eight-channel device with
100 nanosecond switching time.

2) Model ADC 12U5B, A/D converter, a 12-bit coaverter capable
of accepting a bipolar input with a2 maximum craversion time
of 10 microseconds.

3) Model 148, F:iT differential operational amplifier used as
a buffer amplifier for its parameters of 0.01Z in 1 us settling
time and a slew rate of 100 volts per Us.

The recorder is a Recording Designs Limited (RDL) series 10500, continuocus,
IBM compatible, nine~track magnetic tape transport. The dynamic range of the
recording system is .2 dB. Maximum recording time for the e2ight and one-half
inch veel of tape is about three minutes.

4.1.3 Beacon

The bezaron aids the radar operator in differentiating the test vehicles
from uther targets in the test area and is the only means of insuring
t" 2t the recorded test data includes the target data.

The beacon, acting as a transponder, is interrogated by the radar and
sends back an R.F. “urst delayed by about 1200 nanoSeconds. The delay is
included so that the radar may sample thz data without intevference from the
beacon and thz delayed beacon signal produces an unmistakable blip on the video
monitor for assurance that the control target has been located duricg the
airborne tests. The beacon's transmitted frequency is offset Irom the radar's
transmitted frequency by 3 MKz to reduce the possibilitry that the beacon may
appear tc be a large target.

*The radar operator, upon receiving the beacon return from the controlled
targat, may insert a marker bit in the dig.tized data words under control
of a manual pushbutton.
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Figure 4,11 is a block diagram of the heacon. Received signals are
anplified, square law detected and used to actuatr the delayed trigger
(receiver sensitivity {s pre-set). The delayed trigger keys the transmitter
to produce the return signal. The included status circuit and meter Indicates
when the beacon is being interrogated and is operational by coupling a por-ion
of the transmitted energy into the metering circuit.

4.2 Syscem Calibrscion

Calibration of both the unalog and digital equipments in the data colle:tion
system is essential to accurate data collection and subtequent processing of
the data. To accomplish this purpose a calibration procedure was devised to
assure daily operational parameters.

This procedure included a pre-collection and post-collection injection
of a single side band RF test signal* of known amplitude and modulated at a
known frequency into the front end of the system. This signal is processcd
by the radar and its resultant test dita recorded on the magnetic tape for
special processing on the computer.

The procedure provides a total system test and calibration, in effect a
dozumented means of accounting for changes in system parameters due te temper-
ature changes and azing, in addition to a complete system functional check.

Figure 4.12 is an example of a typical processed test data spectrum. It
indicates a sideband separation of greater than 38 dB (at the modulaticn fre-
quency of 11 Hz) and incidental 60 Hz components more than 50 dB below the
amplitude of the test signal (nc 60 Hz visible). System gain may be calcu-
lated by comparing the area under the curve with the known input power of
-12 dBm.

4.2.1 Signal Strength Estimation

In order to properly set the various system gains, it is necessary to
establish expected signal strength from the radar environmen:. Both minimum
and maximum signal levels ire recuired to set dynamic range. The follnwing
section will show in some detaii the devsvation of the system gain parameters.

4,.2.1.1 TIaput Power from a Peint Target

from the radar equations:

#See "Moving Platform Investigation for FOPEN Radar, SURC TR-71-249, November
1971.
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where
P = gystem input power
P = 1kiWe=10°MW = 60 dBm
G, = gain transmi:iting antenna = 8 dB = 6.3
GR = gain receiving antenna = 8 dB = 6.3
= radar cross section = 1l m
A = wavelength = 2.1 m
R = range = 1000 m
L = system loss

Assumfng a range of 1000 meters, input power (P 4 ) to the systex from
a one square meter target is: sig

Psig = -(70.5 + L) dBm

System losses consist of:
1) Isolator 1loss = 4 dB
2) Cable loss = 6 dB

If the total system loss, L = 10 4B, then:

P818 = - 8C.5 dBm for a target of one square meter at 1000 meters.

Input signal power as a function of Range is plotted (solid lines) in
Figure 4.13.

4.2.1.2 Input Power Due to Instantaneous Clutter Signal

The effective cross section,(%IN, represented by a single frequency bin?
can be exprecsgsed as:

%y T % 4
‘A frequency bin relates to the elemental filters of a discrete Fourier
Transform. The Fourler transform is the principal processing technique
used Iin the radar processor. Refer to Section 3.1.2.

102




where

Opn = O, R, 44 (et/2)
Ay = ground area represented by ome bin = 1175 m?
Oo = square meters radar cross section per square

meters area
R8 = glant range = 1000 meters
. Ap = frequency beamvidth = 2.25° =~ .03925 radians
ct/2 = gate width = 30 meters

T = pulse width = 200 nanoseconds

3 x 10° m/sec

g}
L}

Clutter was agsumed to have a radar cross section, 00, of one square
meter per 20 to 40 aquare meters of decidunus forest

1
For Go 20
g -2 (1175) = 58.75 m?
BIN 20 .
=« 17.7 dB above 1 m?
1
For oo %0
0. = =i (1175) = 29.375 m?
BIN 40 :
= 15,7 dB above 1 m?
’ - 2 2
GBIN 29 m“ to 59 m

lButier, J.E., Rerflection and Doppler Characteristics of Targets and Clut.er,
TOOM-00263-F, (DSD 0209-0011), June 1967, pg. 56, Figure 3.
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The total instantaneous clutter cross section is represented by 0 and is
calcuiated by multiplying Opyy by the number of bins. Since the antenna pittern
1s not an omni each successive bin will have a decreasing weight. It was esti-
mated that ten bins at full weight could be used to approximate the total cross
section, oc. Therefore,

= = 2
oc 10 OBIN 590 n

or oc for ail frequeacy bins is 27.7 dB above 1 m?.

-

Since the system input power, P , due to 0 = 1 m? is -80.5 dBm, then

4
the system input power, Psig’ due tosé§utter cross section JC = 590 m? is:
P, = -82.5 + 27.7 dB
sig
P = -54.8 dBm .
sig

Input clutter signal as a functicn of range is plotted as a dashed line
in Figure 4.13.

4,3 Modification of Radar - 140 MHz to S5O Miz

The decision to reduce the operating frequency of the radar resuited in
changes in comprments of the radar.

The major problem involved in this change on both tramnsmitter and receiver
vas the bandwidth requirement in that a 5 MHz bandwidth at 50 MHz is mcv
difficult to attain than a 5 MHz bandwidth at 140 MHz. As would be expected
changes have occurred in the frequency sensitive parcts and are well documented
in the reszarch notebooks at SURC.

After all changes were accomplished the radar was bench testea and
reinstalled in the aircraft.

Changing the Log Periodic Antenna causec concern over vibration problems
as well as antenna patterns These problems were resolved by stiffening of
the mount, teseating all the elements and subjecting the antenna to a fast
taxi experiment when it was again aircraft mounted.
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5.0 TESTING

5.1 Airbornme D:%ta Collection and Testing

Several tests and periods of data collection were required to calibrate
the equipment used and collect sufficient data to fulfill the requirements
of the study. This section will describe the tests and data collection efforts.

The "Instrumentation Test Plan", SURC document TR-72-223, provides a
detailed description of the test procedur :s. Where differences occur between
the test plan and actual data collection, this sectioa will describe the
rationale for those differences.

The objectives of the flight tests were:

1) to gather data to support the analytical model

2) to extend the data base tc include side-looking
radar data

3) to use the data to determine the detection probability
of targets »f interest in various environments

and 4) to use the data to obtain a statistical mode!l of clutter
for each of the various environments.

The collected data is also used to evalua:ie the operation and effective-
ness of the developmental procescor.

The rader and instrumentaticn system used to collect the data is described
in Section 4.1 of this report.

5.1.1 Coruner Reflector Tests

One cof the objectives of the fiight .ests was to obtain data from which
the effective cross section of toth distributed clutter and point targets
could be determined. To meet this objective a corner reflector with a known
theoretical cross section was constructed for use as a standard target. The
uge of this target allowed data colleztion and processing techniques to be
evaluated against a known reference pocint. The standard target plus the use
of the beacon cransponder provided an increased confidence factor in the data.

The cross section of the savare corner reflecter was determined analytically
to be 1849 ft?.
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The experimental radar cross section of standard corner reflector (7 ft)
was determined by supporting the corner reflector on a hillzide 700 feer from
the radar. The returned video was monitored by oscilloscope while the cerner
reflaector was positioned for maximum video. This was done for both positive
and negative video to assure a ti w2 peak-to-peak measurement. The time and
value of the videc was then recorc:d.

Te determine the level of energy necessary to produce this wvideo,
the antenna was disconnectad and the antenna end of the ccaxial cable was
reconnected to a caiibrated RF source. While observing the video, the gener-
atox was adjusted until the peak-to-peak level of the video was the same as the
measured video due to the corner refiector. The RF generator ocutput was
recorded. This corresponds to thz energy input at the antenna end of the
coaxial cable due to the corner reflector.

Test data was substituted in the radar equazions and the effective radar
cross section of the target calculated.

P 2 2
T G* ) At
PR =
([”:)3 Rh
Py (4m)? R®
A T S
PT G® A
where
PR = 4,47 < 10 ° mtlliwatts
P, = 15 x 107 williwztts
1
R = 1400 nanoseconds * ¢ = 700 feet
A2 = 49 feet?
G = 16

(4m)® = 1981

4.47 » 107 % x 1981 x 24 x 10'°

A =
N 15 x 103 x 16 x 49
212,521.68 x 10° . 102 2
= = . 10 ¢
At 11760 18.071 eet

A = 1807.1 square feet radar detected target cross section
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The radar cross section of the square corner reflector was found tc be 180~
square feet. The theoretical area of the corner refiector is 1849 square feet.

5.1.2 Tests of Aircraft Mounted Antenna*

5.1.2.1 Greound Tests

A series of tests were conducted to provide information on the changes
in radiation patterns of the log periodic array when it was mounted on the
aircraft (wing tip mount). (See Figure 5.1)

Testing was conducted at the airport facilities. An RF source was
connected to a transmitting antenna about 8 ft above the ground and 1000 feet
from the mounted LPA. The aircraft was then taxied in a circle (approximately
109 feet in diameter).

5.1.2.2 1In-Flight Tests

Changes in radiation patterns while in flight are obviously of interest;
therefore, a series of tests were conducted to gather this informatioen.

The RF source and transmitting antenna were mounted at the SURC anternz
test range. The aircraft was flown to an altitude of 2500 feet and a positien
of about 10 miles from the RF source. Test runs were conducted by flying the
aircraft past the transmitter in a standard rate turn with a diameter of
about two miles.

5.1.3 Airborne Data Collection

5.1.3.1 Skaneateles Lzke Tests

The site of the lake tests was changed to Sk neateles Lake due to its
proximity to SURC and the availability of boat launching and docking facilities.
Figure 5.2 is a map of this test site.

The tests were divided into three separate subsets. Data collection was
accomplished with the aircraft heading north at various altitudes, velocities
and radar ranges. These parameters are listed in Table 5.1.

The first subset was composed of clutter tests made from the middle of
the lake at three different depression angles.

The second subset duplicated the first but utilized the floating
standard target as a radar targec.

The third subset consisted of single sideband calibration tests in which
signals of various krown levels are injected into the system and data recorded.
Calibration data was recorded for each of the first two subsets.

*
Details of the tests are given in Section %.i.1.2.
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The standard target was floated on a raft-like platform. The mounting
oracket allowed adjustment of the reflector to three different positions.
For theae tests the platform and reflector were towed into pcsition by an
outboard moto: boat and during the tests the standard target was a minimum
of 100 meters from the shore.

5.1.3.2 Farm Lands

The area chosen for these tests is approximately 20 miles southeast of
SURC, near Fabius, New York. It may be characterized as flat with few trees
and no power or telephone wires. Our designation feor this test is the Vincent
Corners Site. Figure 5.3 is a map of this area.

The standard target was utilized as 2 radar target in ground clutter for
these tests. The single sideband calibration data was taken for each set of
tests.

The aircraft was flown paraliel to New York State Route 80 with test
parameters listed in Table 5.2 to provide data for a variety of depression
angles.

TABLE 5.2

TEST PARAMETERS

Exp Dep Altitude Slant
# Angle Range
686 12 700 2954
688 13 700 2954
685 12 700 2954

5.1.3.3 Coniferous Forest

The area selected for this test is called Highland Forest and is located
two miles east of Fabius, New York on New Yorx Route 80.

The test area is a reforestation area where trees are about ore foot in
diameter, approx!mately 35 feet tall and planted in a definite grid pattemn.

Data was collected from the airborne radar using che standard target in
a large ground clutter as the radar target. The ctandard target was first
located in a smail open area surrounded by evergreens; dats was takcn and
the stardard target was then moved into the evergreens for further data
gathering. Although the areas in whirh the standard target was placed were
relatively flat areas irmediately adjacent had very steep siopes.
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Difficulty was encountered in maintaining constant flight paths due to the
paucity of landmarks.

As ir previous tests the single sideband calibration data was taken after
each set of data.

Figure 5.4 is a map of thc area and Table 5.3 lists the pertinent test
parameters.

TABLE 5.3

CONIFEROUS FCREST TEST PARAMETERS

Exp Dep Alt Slant
s Angle Range
792 21 950 2661
793 21 950 2661
795 21 950 2661
798 22 1000 3108

5.1.3.4 Deciduous Forest

An area known as Happy Valley Game Management Area was selected for this
test. It is located approximately 10 miles north of Oneida Lake, New York
and 6 miles east of Route 81 (Figure 5.5).

This site was selected for its level surface covered with young first
growth deciduous trees about 4 to 6 inches in diameter and approximately
30 feet high. There is heavy underbrush in the area.

Flight tests were made over part of this area located one mile east of
Howardville, New York on Route 126, wo flight paths were used, one with the
aircraft following a northwest course approximately parallel to Churchill Road
and Barber Road. The cecond path required the aircraft te fly approximately
east northeast nearly bisecting the first flight path.

The radar target for these tests was a jeep and the standard target.

Table 5.4 outlines the .est parameters for the Deciduous Forest Tests.
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Figure 5.5.

Happy Valley Test Area
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TABLE 5.4
DECIDUOUS FOREST TEST PARAMETERS

Exp Dep Alt Slant

# Angle Range
880 15 500 1960
881 20 7G0 2040
882 25 900 2100
883 30 1100 2200
884 34 1300 2300
885 38 1500 2420
886 42 1700 2540

5.1.3.5 Aberdeen Proving Grouud

Alrborne radar tests were conducted at Aberdeen Proving Ground, Maryland
to derermine the effective radar cross section of selected targets.

As in previous tests the target area was verifiad bv using the ground
beacon. For each of two targets, placed in an open area at the end of the
runway shown in Figure 5,6, data was collected for 3 depression angles while
flying the aircraft in an approximate southerly direction. Data collection,
in this case, occurred when the targets were approximately perpendicular to
the port side of the fuselage.

Clutter data was collected of the runway 22 area and the forested area
tetween range 9 and :he dynamometer course on the tank access road. The
first of the clutter data collection tests of the forested area was made with
a~ axtended range gate while subsequent data collection was accomplished at
normal r.ages and altitudes.

Dzta was collected using a UHID heliccpter, setting on the ground, as the
radar target. The turning rate of the rotors and altitude cf the radar plact-
form were used as changing parameters for the tests. Data was collected at
1500, 1000 and 700 feet, The tail rotor was turning at a rate of approxi-
mately nine times that of the main roter. The main rotor was turning at one
of two fixed speeds (275 or 325 .pw). The UHID nelicopter was positioned on a
pad near the south end of runway 22. During the first data run an Aero Commander
(N 2268B) was on a pad just south of the target helicopter.

As in all previous tests data from the calibrated single sideband source
was recorded.
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Table 5.5 is a list of the Aberdeen Proving Ground Test Parameters:

TABLE 5.5

ABERDEEN PROVING GROUND TEST PARAMETERS

i Exp Dep Alt Slant

# Angle Range

835 16 700 2970

- 836 16 700 2970
4 845 17 700 2760
i 815 27 700 2220
820 53 1600 1813

5.2 Data Collection at 50 Miz

Late in the program a carrier frequency change allowed airborne data
collection to be accomplished at 50 MHz over the tests areas designated as
the Vincent Corners area and the Swamp Road area. The Vincent Corners area
is described in Section 5.1.3.2.

The Swamp Road area is a heavily wooded, cwampy area with a well defined
clearing (a small grass airfield) as shown in Figure 1.6. A dipole was
positioned in this clearing for use as a standard target.

The objective of the test was to compare the cross section from these
areas with the cross section as derived from the tests conducted at 140 MHz.

The following tables ouiline valid flight tests parameters made at 50 Miz.
Table 5.6 encompasses the Swamp Road Tests and Table 5.7 the Vincent
corners data.

Y
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TABLE 5.6

SWAMP ROAD AREA TEST PARAMETERS

Experiment No. 2047 2048 2049 2050 2051 2052 2053
Velocity A/C 187 187 187 187 187 187 187
Altitude 690 760 820 820 820 860 1000
Slant Range 2115 2327 2542 2343 2159 2650 3003
Ground Range 2060 2200 2400 2200 2000 2560 2300
Depression Angle 19° 19° 19° 20° 22° 19° 19°
Flight Path A A A A A B B

*
Two flight paths were used; flight path, A, was along Swamp Roadj
flight path B was offset 500 feet and parallel to Swamp Road.

TABLE 5.7

VINCENT CORNERS AREA TEST PATAMETERS

Fxperiment No. 2054 2055 2056
Velocity 137 187 187
Altitude 995 920 860
Slant Range 3064 2850 2650
Ground Range 2900 2700 2500
Depression Angle 19° 19° 19°
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6.0 AIRBORNE DATA COLLECTION

The objectives of the flight teet portior or the study were to gather
data to support the analytical model, to expand the data base, to determine
the detection probability of targets of interest in various environments
and to establish a statistical model of clutter for each of the various
environments. The radar used for the data collection should be an integral
part of the fielaable prototype system,

6.1 Cross Section Measurements

. Although it is common to speak of '"the' radar cross section of an cbiect,
it is well known that radar cross section depends upon the target shape and
material, the anglz at which the target is viewed, the frequency of the radar
and the polarization of the radar system antennas. In making cross section
measurements on this program a concerted effort has been made to keep these
parameters fixed, however, it is acknowledged that flight paths and depression
angles may vary between successive experimental runs. These variations may
markedly change the clutter echoes and the glint reflections which causes
apparent erratic results. The change of radar frequencies was proposed as
an aid in resolving the target to clutter resolution problem.

6.1.1 Cross Section of the Standard Target

The reliable measurement of a standard (point) targzet in a cluttered
background (distributed target) is of particular interest to this program.
Utilizing the resvlts cf L..e Skaneateles Lake and Vincent Cormners tests
it is obvious that the standard target radar reflections can vbe discussed
and are separable from the different background clutter echoes. Ac described
in gection 5, the backgrounds are (1} a lake surface, and (2) open fields

with hedge rows, fence lines, roads and small forested areas. (See Table 6.1
for comparative test results.)

6.1.2 Lake Tests

The processed lake data exhibited horn-like peaks at high doppler
frequencies. The peaks were attributed to wave crests which are perpendic-
ular to the direction of the rada. transmission and occur for those signals
transmitted directly to the frort and to the rear of the aircrafts flight
path. This wave motion on the lake can produce higher frequency doppler
returns which apprcximate the expected doppler from the standard target. A
method of averaging successive spectra was devised to eliminate the horn-
like peaks from the processed data.

6.1.2.1 Elimination of Horn-Like Feaks in Processed Lake Data

The fellowing series of spect.a show the peak due o the corner reflector
on the lake sliding from pcsitive to negative frequencies. The sgpectra were
computed such as to minimize the horn-like peaks at large (450 Hz) doppler
frequencies. These horn-like peaks were experimentally shown tc be due to

At
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TABLE 6.1
MEASURED CROSS SECTION OF TLE STANDARD TARGET

Cross Section

Exp Dep Alc Slant Theo. Meas.

# Angle Range ft? fr2
619! 19 1000 1150 600 3276
622 31 1159 700 840
632 40 2000 800 200 181
6852 12 700 900 300 1532
6862 12 7GG 900 30C 1547
6882 13 70¢ 900 300 1286

1Glint cross section is computed as 2799 £t? which may account for the large
measured value,

2Glint reflections or the addition of the cross section of the truck on which
the standard target is resting accounts for the large measurement.
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wave crests which are perpendicular to the direction of the radar transmission
and occur fcr those signals transmitted directly to the front and to the vear
of the aircraft’'s flight path.

Yo WA PEITRL e o S = oS RIITEY

A method used to eliminate the digtracting horns is described below.
Compute the average of K successive spectra {K = 16 was used), where successive
spectra may uge partly redundant time data -- 7/8ths redundant in the case
being considered. Then compute the average of the next L successive spectra
(L = 16), and subtract the two averages. This procedure is repeated for the
second subtracted spectrum by taking the starting point for the first sub-
tracted gpectrum and moving forward I data records before starting on the
second, for the gpectra shown in Figures 6.1, 6.2, and 6.3 for I = 4.

Averaging 16 spectra yields a wide pesk as shown in Sequence 85*. The
second subtracted spectrum, Sequence 88, has the peak due to the corner
reflector slightly closer to the origin. Sequences 91, 94, 97, 100, 103
and 106 show the peak moved to the left. Sequence 106 shows a reduction in
subtracted clutter signal from the previous spectrum, indicating that the
target is starting to slip out of the range bin. Sequence 109 shows an
even greater decrease in the peak due to the corner reflector; in addition,
a peak at positive frequencies corresponding to a direction slightly ahead
of the port wing c© the aircraft is teginning to build up. This may be dre
to the edge of the lake beginning tc get into the range bin toward the end
of the run. Sequence 112 shows little residue from the target; no edge of
lake peak is apparent. The rest of tuc spectra have no significant peaks.

6.1.2.2 An Examination of the Variation of Lake Clutter

The following series of clutter spectrz show the effect of using nearly
the same data for adiacent spectrum estimates. These spectra are from
Experiment 622 (lake data) prior to the time at which the corner reflsctor
appears. Seven eights of the time data used for one spectrum is alsc uued
for the next.

Figure 6.4 shows the average of all 89 spectra. The peaks on either side
are due to the strong return from wave crests which are perpendicylar “o the
radar. The center peak is primarily due tc the presence of the tarzei 'n
the latter spectra.

Figure 6.5 is the first of 89 spectra obtained {rom Experimenz 622, and
Figure 6.6 is the _.cond. Seven-eights of the time data used to form the
spectrum of Figure 6.5 is also used to form the spectrum of Figure 6.0, and these
two curves are overlayed in Figure 6.7. Note that the difference in power at
various frequencies averages to about 2 or 3 dB, but varies by as mich as
30 dB at some frequencies. Now compare Figure 6.5 with Figuve #.8, These two
spectra are obtained from blocks of time data which are adizczat. A comparison
of these two spectra reveals an average difference in power of 3 or 4 dBm, as
shown in Figure 6.9. This is comparable to the difference in the spectra
obtained with data which was seven eights redundant. The reaszon for only a

*
Sequence (SEQ NR) regers to the group number loceted in the upper right hand
corner of all spectral plots. 123
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slight increase in the difference in the power spectra is that this par.icular

clutter has a degree of short-term stationarity. The clutter in this case
is due to lake return.

6.1.3 Vincent Corners Tests

Data 1g included in section 6.3.

6.1.4 trighlard Forest Tests

A set of four tests were performed a«t the same depression angle over
the same area (approximate) in an effort to obtain repeatable clutter cross
sections. The results of these tects are:

Table 6.2 Highland Forest Data

Exp Dep Mean o Var Exp
# Angle (£t2) ° (££2) Dev
792 21 24711 5] 16377 +.058
793 21 30204 .564 16118 +.057
795 21 32874 .613 21368 +.075
798 22 38650 .613 24246 +.073

The repeatable measurement of ¢ was not attained which may be attribured
to (1) difficulties in flying exact gaths, (2) the effect of wind on the trees
and backscattered energy, (3) differing reflections from steep slopes and (4)
perhaps an RFI cendition.

In this case the collected data did not correlate with the statistical
model while similar measurements of coniferous trees in the Vincent Corners
area did fit the model. Therefore, either the resulting data from these
experiments or the model for this environment are suspect.

6.1.5 Happy Valley Tests

These tests were conducted to determine the effect of depression angle
(therefore aspect angle) on the clutter cross sectic. cf a deciduous forest.
The results are:
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Table 6.2 Happy Valley Data

Exp Dep Mean c Var Exp
# Angle (ft?) ° Dev.
880 15 5141 .134 3313 +.0163
881 20 1411 .036

882 25 8677 .199 6153 +.027
833 30 5793 .121

884 34 4635 .089 24659 +.009
885 38 1806 .031

886 42 9363 .145 5685 +.017

As may be expected there appears to be no correlation between dejression
angle and cross section. The widely varying cross section is attiibutable
to the inability to fly over the same path each time.

6.1.6 Aberdeen Proving Ground Tests

The tests performed at the Aberdeen Proving Ground (APG) were haupered
by poor flying conditions, however, some interes<ing results are presented here.

6.1.6.1 Runway Clutter

Clut’er cross section measurements were taken of a runway and the area
immedjately beyond. The ajrcraft was flown at 1000 feet at 127 miles per
hour. The pertinent calculations revealed,

Table 6.4 Runway Data

Dep Mean Var Slant
Angle (fr-) Range
53° 4381 564 1813

6.1.5.2 Tank

The radar was utilized in this case to illuminate the tank and record
the return signal. In this case no attempt has been made to define its
cr.ss section because (1) the dimensions of tne tank are unknown, and (2)
the many reflecting surfaces -~2use irregularfties in the returns. Figure 6.10
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is a plot of cross section values versus azimuth angles.

6.1.6.3 Aircraft Tests

This series of experiments indicated that Glint Cross Section measurements
are repeateble and large., Figure 6.11 indicates the results of the tests
which had the following parameters,

Table 6.5 Aircraft Test Parameters

Exp Dep Alt Slant
¢ Angle Range
835 16 700 2970
83e 16 700 2670
837 i7 700 2760

The high value cross section measurement shown in Figure 6.11 agrees
clogely with the theory presented in Appendix A and therefcre is attributed
to Glint Cross Section.

6.2 Correlation of Targets

Experiments show a close correlation between the observed terrain and
the processed data. The following figures are but one example. Figure 6.12
is a map of the Vincent Corners test area. Figure 6.13 is a photograph of the
test area showing the range bin position just prior to reaching the target.
Figure 6.14 is a photograph showing the range bin positioned directly on the
corner reflector target. The two photogrspas show the flight path and position
of the standard target. Figures 6.15a and b are correspending spectra of the
data taken at the time of the photo. The first spectra (Figure 6.153) shows
little radar return over pasture land and then a large point target when the
standard target is in the range gate.

6.3 Data Reduction by Observed Terrain Type

To confirm the correilation between the observed .errain and the collected
data, the Vincent Corners Experiment (685) data was further reduced and tabu-
lated as follows in Table 6.6:
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Table 6.6 Vincent Corners Data i

Terrain Dascription First Record ¥Freq. Range 9%
cps.,

1. Open field-flat 49 -10 to 10 0.000013

2. Open field-rcliing 49 20 to 50 0.0013

3. Woods 81 15 to 25 0.17 )

4. Same 89 5 to 15 0.15

5. Same 97 -5 to S 0.10

6. Hill with scatterad trees 17 -10 tec 10 0.046

7. Same 25 -25 to -5 0.032

8. Field (unknown target} 65 =40 to -30 0.019

9. Same 73 -35 to -25 0.028

Co is the radar cross seciion per unit area of terrain surface.

Each cross section showm is the post square average of all frequency points
within the frequercy range shown. Each frequency point is the post square
average (over time) of 8 FFTs with I shift=64.

The terrain may be further described as follows:

1. Oper fieid-flat. The lowest cross section observed at the Vincent
Coruers sight and apparenily represents very flat iand free of
vegatation, buildings, fences, etc. \

2. Open field-relling. Pastire iand w:.h very few trees and no buildings.
The land was gentliy rolling, the maximum angle of inclination being
about 10-15°. There were several small ravines or gzullies, about 8 ft.
deep, with cides sloping at an angle of 20 or 30 degrees with respect
to the horizontal. There were several small fence: of the electrical
type. The radar cross section values measured here are typical of
those found for pasture land in the Vincent Corners area.

3. Woods. A rather heavy stand of hzrdwood trees. The trunk diameters
were about 1 ft. at the base and they were about 35 to 45 ft. tall.
The mean spacing between trunks was about 8 to 10 ft. There was very
little undzrgrowth.

Hill with Scattered Treee. Really two little hills, about 300-400 ft.
high with a acattering of fairly large trees at the top. The slopes
were quite steep, perhaps 60° or so.

on
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Field (unknown target). This field yjeided a somewhat larger radar
cross section than most fields in the area. There were no hills, trees,
or other obvious targets on the field. This field was no* searched on
foot (as were most of the other areas in this study), however, the
topographical map zhows some indication of a ravine type structure
which may be responsibie for the large: cross secrion.

Terrain samples marked "sare' are adjacent and of very similar type to the
preceding sample.

The expected standard deviation due to random scattering may be computed
(at least for uniformly wooded terrain) from statistical thecry, as shown
in the remort 'Moving Piatform FOPEN Radar Systems'. For example, for itarget
number 3- woods-, the final average contains about 80 FFTs. Since they are
overlapping in time, about one half of them may be taken to be statistically
independent. The expected standard deviation is therefore 1/v 40 or + 162.
This is about t“e standard deviatiun of the three points reported for wooded
terrain, heunce, ore may attribute the observed difference between points to
random scatterings eifects rather than vegetation density variation. The
expected standard deviation for the other targets is more difficul' to compute
but is probably of about the same magritude.

It is clear then that the large difference in cross sections measured
for ciffercnt terrain samples actually reflects differences in terrain type

and is nct just due to the random nature of the scattering process.

6.4 Cross Section Measurements at 50 Miz

6.4.1 Standard Target at 50 MHz

The standard target chosen for these tests was a halfwave dipole. The
simplicity and small size were governing factors in this choice. The
characteristics of this target are as fellows-

Length = 47 = 9,02 feet
Diameter = 2.0 inches
Bandwidth = 187 (approximately)

Cross Section {dipcie) 9y - G(.83;2) = G(309) £l

7 21 a
Greound Effect = G = 16 sinAL-—"—TEEE—~)
where B = height of dipele abore ground

e.evation angle of aircraft.

as an example: G = 16 sina (giﬁxfiﬂ*i)

when H = §& ft; Uw 19.3 ft; 2 = 20°
then C = 5.83 A
and G = (5.83)(309) = 1892 ft*
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The {ollowing (Table 6.7) are typical results from date ccllecred during a
K Swamp Road flight rest at 50 MHz (experiment 2049). During this experiment the
3 ore-haif vavelength dipole was placed in an open flat area. The dipole was
; suspended 12 feet above the ground and can be expected s provide a target
3 with a calculated (ground plane effect included) cross section of 4,421
; square feet.

For experiment 2049 the outer range gate was positicned such that the
target passed through the range gate twice (the normal range from the target
to the flight path was less than the actual range gate setting - see Figure 3.3
where X 1is less than R,). The following cross section values of the dipole
were defermined from the data. .

Table 6.7 Swamp Road Data

Deg. of Wavelcangth Cross Section th
4 +17 2040
; +14 3415
+11 3287
i + 8 2029
t
!
|
-2 1820
-5 3300
- 8 2000

The data shows an experimental cross section ranging from 1820 square teet
to 3415 square feet. Expected angular dependence’ of incidence from normal
vields 5, varying roughly as cos - Since the experimerntal and thecretijcal

: data correspond fairly well, it is reasonable to assume that the radar

- calibraticn 1s correct and that clutter cross section measvrements are there-
fore valid at SO Miz. Validity of the measurements at 140 iz was thoroughly
established as described in Sectionm 3.1.5.

5.4.2 Processed Results at 50 MHz Tests

Data coilected during the various experiments was processed in two
different ways. The data was displayed and cross sections were computed.

1Reference - Methods of Radar Cross Section Analysis - Cuspen & Siegel,
Academic Press, 1968, p. 109, angular distributions of wire responses.
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6.6.2.1 Displayed Data

The radar map of the target area was encouraging. The dipole target
was cefinitely discernible from the surrounding clutter. Prior experiments
(at 140 Miz) to observe a target in the same clutter had been marginal.

LIPS U1 £ U ‘“WW

6.4,2,2 Cross Section Computations

An inspection of the computed cross section measurements indicated an
improvement in the clutter cross section of at least one order of magnitude.
The measurements of clutter cross section must be termed relative measurements
at this time due to (1) the limitations of time restrictad flight test time
and, (2) it was not possible to locate the dipole target in more than one
area to establish a confidence factor in repeatable measurements.

j
6.4.2.3 Vincent Corners Measurements ,

Experiment 2055 yields typical data for Vincent Corners (See Section 5.1 3.2
for description of test area). Of particular interest is the radar cross

sections of a boot—shaped forest just east of Waters Road, which i3 well know.m
from the test data at 140 MHz.

The average of eight (8) power spectral density estimates of a simple
frequency bin was used to find the mtan radar cross sections per frequency
tin of the woods 2t Vincent Corners. The mean was decermined from the
averages of four (4) adjacent frequency bins.

The results are an arithmetic mean cf the equivalent clutter cross sectioen
per bin of O bin = 330 ft*.

Table 6.8 is a list of computer calculared cross sections for frequency
bin number minus two (~2). The bracketed rum* :15 include the boot-shaped
woods which on the average are significantly jg:s i than for the pasture which
precedes and follows the forest data.

The clutter cross sections per unit area {-_ ) calculated from the mean
cross sections is 0.022 as compared to ~_ = .15 .t 140 MHz (See Section 6.3).
This is 8 reduction in cross section by approximately a factor of 7.

6.4.2.4 Swarmp Road Measurements

Experiment 1019 represents data collected at 140 MHz cv:r tie Swamp Road
site. The arithmetic mesn of the equivalient zlutter cross se:tions per bin for
this exgerixent 15 o bin = 4650 ft?. The maximum value of < bin is about
7600 fr”. This is eqaivalent to a 3  of about .34.

Data from approximately the same geographic area at 50 Miz is represented

by experiment 2049. The arithmetic mean cf the equivglent clutter cross
section per bin for this experiment {s - bin = 400 f¢“. The maximum o bin
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Table 6.8. List of Computed Cross Sections

2055 VAR 5
sPOINTZ 2 ISHIFT: Noi?l °
L NU L OF 157 NGRM.
NO. KeC ReC CONSTAaNT
120 n U 48,24
-
1e? 1 ¢l 48,09
leo L o2 92.02
-
e 1 ¢d 43.bu
-<
12V i <4  uYo,.,u>
~c
1ol )3 s 53.¢1
19 L < S4%,us
~c
Los i o7 533w
e
13 1 20 Scea”
e
132 - <Y S5l.563
e
Lo 4 < 51,9
“c
XJ;' 1 Sl 51.,51
~c
136 R de 48,1
4
Lé‘-‘ 1 ._s.} 5003"
e
19y i J4 Ou .25
~c
L4 : 55 Sz.ud
~c
14¢ 1 o0 47,7
~c
s i w7 85,0
T
144 1 So 51,42
-
LLs 1 39 59:.%9
-z
140 1 ¢l 48,24
-1
147 1 el Foecv
-1
e i ce  S2.ul
-1
149 1 < 43,
-1
5 1 cd Lh,4>
-1

SCAN
LIM,

T0
T0
T0

12

NO0e POINTS -286

-2

-é

=<

-

=<

<

-

iy

~c

<

<

<

4

-

&

CROS
SEC,

41.013
2-198
T4.581
1..155
13&.6251
53¢.53t
3.080
G30.1%1
120.25%
43.225
134.163

2262506

—

14.984
9,952
23.751
7.646
145.260
3.127
16,379
10.837
144,557

Su.722

Qdg.4u8

PRI(MSEC)  &.26
REC, AZ, DooP.
POWER ANG, FREQ.
-67.71 -8,66 =2.75
-80.42 -8.66 ~2.75
-65.11 -8.66 =2.75
=72.65 ~8.66 -2.75
-62.55 -8.h6 -2.75
-56.57 -8.66 =-2.75
-78.95 -8.66 ~2.75
-54.13 -8.66 ~2.75
~£2.82 -8.60 -2.75
~6T.48 =8.66 =2.75
-62.56 -8.06 -2.75
60.29 ~8.6b =2.75
-72.08 -8.60 =2.75
~73.85 -8.66 -2.75
~70.07 -8.66 -2.75
-75.00 -8.66 -2.75
-62.21 -8.56 -2.75
-7R.89 -3.66 -2.75
-73.67 ~8.6¢ =275
-73.49 -8.66 -2.75
-62.12 -5.76 -1.83
-66.67 -5.76 ~1:83
~56.87 -5.76 -1.83
-54,52 -5.70 -1.83
-03.87 -5.76 -1.83
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value is about 900 ft%. The equivalent o is abcut .03 with a maximm value
of 0, being .07. This represents a reducfion in clutter cross section by a
factor about 28 due to the frequency change.

6.5 Comparison with Existing Data

It should be mentioned that the cross section resulte quoted in this
report are seriously in conflict with those obtained &, Control Data Corporation.
For example, the value of o, reported by CEC tor dense trees at 20° deprecsion
angle and a carrier frequency similar to 51 MHz is about 107 °. 1ras ‘= two
to three orders ot magnitude smaller than the results obtt-ined here. The
system used for the SURC measurements was carefull, cal.brated and gooi agreement
was obtained in a measurement of a standard dipole. dence, it is not
considered likely that our meascurements are seriouw.ly in error.

Of ccurse, there is a great deal of difference between woods and the
label "dense'" 1is rather vague, however, SUPL results seem to be, in general,
several orders of magnitude larger than DC's.

The source of this discrepancy is not at all understood. It should be
noted that the CDC results vere takeun without any focusing and from an
altitude of about 10,000 ft., making each measurement bir about 5 miles wide.
Therefure, it must be very hard for them to know just what is in the reasurewment
cell. In the SURC experiment. the measuremer: cell is only a few hundred feet
on a side and the targets stands of trees were carefully checked from the
ground. Hence, it is felt these results are somewhat more reliable than CDC's.
However, the discrepancy reomains disturbing.

1"Backscatter Analysis,"” by R.A. Zuck, Coatrol Data Corporation. Report
Number AFCRL-TR-73-0212.
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7.0 STATISTICS OF CLUITER SIGNALS

7.1 The Model

This section is a review of the basic thecrems dealing with the addition
of randow signals. This informa® . 1s used to descrilte the statistical
properties of the tackscattered - :r signal from vegetated terrain. It is
in order first, therefore, to conszruct and work within a model of the
vegetated surface.

The surface should be flat or gently rolling. Perfectliy flat ground
preduces no backscatier except at vertical incidence. If the terrain is
slowly rolling, such that the tangent to the surface changes little over
distances of the order of 2 wavelength and no portion of the surface is steep
enough 50 as to ba normal to the direction of propagation of ths incident
radiation, the backscattered energy is still very small. If such terrain
is covered with reasonably dense woods, the backscatter from the trees
greatly exceeds that from the surface of the ground itseli. Therefore, we
will neglec: the contour of the land and assume it to be flat. For very
rough terrain, there 1s large ground backscati~r and thereiore the vegetation
may be neglected. This problem is treated in standard wcrks and will not be
dealt with here.

it seems reasorable to take as a model, then, a flat surface with
scattering objects distributed randomly upen its surface. The nature of
these objects need not be specified, they could be trees, rocks, etc.

The assumptions we must make are as follows:

1) The location of the objects on the surface is truly random.
This means their positions are uncorrelated; the position
of one object has no effect on the position of any other.
:his s probably a very good assumption for a forest but
would be no good at all for an orchard.

2) That it is possible to specify an average radar cross section
for eect: species of objezt under consideration and that this
average be stable. Since the reciar rross section is a positive
definite quantity, this condition is always met in practice.
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3) That the number of each significant spaecies of cbject per
resolution - '1 be large. By significant species, we mean
those species which cont ibute a sigpnificant portion of the
tetal radar backscatter. For example, the trunks of large
trees are the dominant scatterer in many cases of interest.
Since there are vsually a fairly large nunber of trees ta a
resclution cell, the condition is satisfied. On the other
hard, an object with a large vertical facet, such as a cliff
or a ravine, can easily have a radar cross-secticn larger
than many trees. As there would probably be one such ubject
in the resolution cell, the condition i3 now not satisfied.

4) The question of just how large a number is required is a difficult
one. The answer depends on how far out on the tail of the dis-
tribution onz requires the theory to be valid. If one is only
interested in the central portion of the distribution, 20 or
30 objects per cell is enough. In radar work one often requires
a fz2lse alarm probabiliiy of 107° or less. Hence (if no pcsti-
detection averaging is being used), the distribution must be
known accurately out to four or five times the mean signal
(voltage) value. This requires that the nuwber cf objects be
at least 100 preferably 360 or more. 1f post~detection averaging
is uvsed, this requirement is greatly reduced. The resolution
cell of the existing system vill probably contain at least 100
trees, when operating in fairly dense, homogernezous forest.

Hence, the theory preseated here is usable for false alarm
analysie in most cases. For systems having resolution much
greater thar. that of the present system, the theory may not be
usable for radar purposes.

5) That the scattering objects are spre u evenly throughout the
cell. The distribuvtion is stationary, at leasi over the width
of tne rcell.

6) That the resolution cell be much iarger than a wavelergth.
We shall show later that conly two or three warselengths are

necessary. Thils is always met 1In practice.

All of the conditions are quite reasonable and are probably all satisfied
in the case of reasonably flat forest terrain.

7.1.1 Distributions

Consider the voltage received from a single scattering object. Let the
amplitude of the received signal be s and the phase be V. Represent this
signal, using the usual complex polar diagram, as a vector of length, s,
waking au angle, v, with the pcsitive real axis. The total rrceived signal
for one resolution cell i1s the vector sum of the signals from all of the
scattering objects in that cell. A diagram of the sum of three signal' is
ghown in Figure 7.1.
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Ngw the pnase of the backscatrtered signal from each object is
v = 2 £L R+ §, where A 1s the wavelength of the radiation, R is the distance
from the radar to the object, and ¢ 1s the phase shift inherent in the
scattering process. 3Since the otjects in question are rarndomly spread over
a range cell larzer than A, it can be shown that the phazes must be spread
randomly over the range -7 to n. In other words, the vectors to be summed
are peinted randomly in 31l possible directioms. The solution fer the
probsbility distributions for the leng:th and direction of the sum vactor
is the famous random walk problem and the soiution can be found in ar+ text
on this subject. The distribution for the projection of S or either axis is

2

\
~ly

Lt}
1]
~~

P
N

P(s )

x g
where

o= R s (2)
k=1

The projections on the two uxis are irdependent., Here Sx is the real or
imaginary part of the sum vecter. This would correspond to the voltage in
the in phasze or quadrature phase channel of a balanced processor radar
receiver. P is the probability density fcr finding che projection of the
sum amplitude near S . N, ic the mean number of the k'th species in tue
resolution cell and Sk is’ the signal amplitude for that species.

In the case of mest interest here, i.e., hrees, the major scatterers
are the trunks. For a given stand, wmost nf the trunks are about the same
size. Therefore, in order tc make the meaning of these equations clearer,
we will replace the summation with 2 mean amplitude a, and an average
nundber NS,

These quantitles may be replaced by the summation in any of the following
woik 1f it is so desired Equation (i} may now be rewritten

P(Sx) = e Na (3

L. . . . 2
This is a Caussian distribution of zero mean and standavd deviation <5x>:




T e

Now che standard deviation is the same as the root mean square, 80 the rmns

value of the clutter signal is proportional to the square root of the number
of objects.

To obtein the two-dimensional distributior for the vector amplitude of

the sum signal multiply the distribution for the real nrojection by thzat for
the imaginary projection.

S2 N S2
e S A
W al
1 s 0
P(Sx’sy) v — 7 e
ﬂNsao
transform Intc polar coordinates using
82 = 82 + 32
X y
dS ds5 = SdsdT
X y

)

from 0 to 2n, thus obtaining the probability density for an arbitrary phase
angle. This yields the well known Rayleigh distcibution icr the amplitude

Since the distribution does not depend on the phase angle, T, integrate T

Z,— 2
. - S"/N a
Ps) = 25 o " T80

2
Ns a0

&)

Of much greater interest is the distribution for the square of the a
amplitude, since this is the guantity usually fourd at the output of a
radar. To find this let

W o= SZ
and using dw = 254dS
— 2
-W/ N a,
results in P(W) = _‘1 s e s (®
r"s a0

This formula is very lmportant for the theory of foliage peunc.ration radar.
Note that it is a simple exponential with a mean of Nq a-. Interpreting
the squares vf the ampliitudes as power, just csy thet the total awvcrage

power received 1is Ns tines the sower reczived from ap individual scatterer.
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We will call this quantity W,

1 -W/u
P(W) = — e (8)
W
The staudard deviation about the mean, OW’ is given by
0: = < - <w>)2> = s -ap? = oWt =2
or o, (9)

Therefore, the standard deviation is equal to the mean. This indicates that
the scatter in the data will alwavs be large. A single measurement is not

a good estimate of the mean, even when the rumber of objects in the cell is
large. This can alsc be seen from the shape of the distribution because

the exponential decreasess smoothly and has no peak. It should be emplasized
that this vaiiation is entirely due to the random interxerence of the wave
treins backscattered and has nothing to do with any variation of the density
of the clutter. This large variatior is a serious problem for the designer
of a radar systemw.

Cne notices that all of the distributions discussed above are exactly
the same as would be obtained for Gaussian random noise. The similarity
arises because the noise is the sum of a large number of independent waves.
Note, however, that this is not true for all types of clutte.. For example,
rough terrain clutter is cofter non-Gaussian. This is becuase such clutter
is usually due to single surfaces glinting. Thus, in rany ways, a homogeneous
forest represents ar. ideal type of clutter. 7The signal backscattered has the
simplest possible statistical properties.

7.1.3 Averaging

One of the simplest methods of reducing the variance ot a random signal
is s.eraging. One averages over several different measurement; of the same
call, efither at different carrier frequencies or from different angles. A
review of a few of the pertinent theorems concerning the averaging of random
variables {s in order.

Consider N randum variables, Xi, all nhaving the same mean, i, and

Q.

P R N



i S TR R IR T T R TE T T T T ST R

Conaider N random variables, xi, all having the game mean, X, and

the same variance cz. let the average of these be XA"‘
A

1 10)
X = — § x (
AV Nt
The m:2an of XAV is still X ,
LoJ <
<X,.> = —— <X.> = X (1)
AV N 121 i
2
Let the variance of the average be D
N N
2 2 2 1 T N =2
o = <X > - <X U> = <-— z . X. X - X
AV AV AV N2 i) )
L. N N y
A e Ly iyt L5y x> - L oviom X2
AV N N 2 &L i3 2
N™ 1#j N
NN
? 1
oiv = %o' + = X ' Cov(Xi,Xj) (12)
) ' NT i#)

1f the N variables are statisticallv independent, the convariance is zero
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and

L (13)
o = —
AV J&

Th~ standard deviation about the mean decreases as the square root of the
number sf peints averaged, regardlecs of the type of distributiorn.

To find the distribution function for the averaged variatle use the
fact that che distribution function for the sum of two random variables
is the cunvolution cf the individusl distributior functions. Let the N
random variables, X,, be independent and have iderntical distribution
functions, ?(X{‘. “The distribution function fer the sum of two of these
is then -

P (X) = T P(X) P (X -X)dXx (12)

-0

by repeating this process the disrribution fur the sum of any number of
variables may be found. We then make the transformztion XSUM - NKA" because
the sum has been divided by X to obtain the average. Y

This may be applied to the problem of averaging the clutter signais
in the in-phase or the quadrature phace channel of the receiver, i.e.,
before they are absolute squared. 1ine distribution for these signals is
given by Equation (3). The convolution of a Gaussian is another Caussian
therefore, the discribution function for the average of N of these signals
is

2 }/—r 2
- NSy_av/ N5 3
e (13)

This is exactly the same¢ as Equation (3) except that N is replaced by

N /N. Thus, averaging before squzring does not change the shape of the
d¥stribution but reduces the rms value of the clutter sigaal by /N, If
this signal is subsequently absolute squared, the mean and the standard
deviation of the resulting signal are veduced by a factor of 1/N frca the
unaveraged values.

Now turn to the more interesting case where the sigral is averaged
after the absolute square has been taken. Perform the same operatiens
on the distripution for the amplitude squared bjuation 8) and obtain
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) W
N A;l - N ﬁy
= R ) S s { \
P(W,,) DT W] v (16}

This looks rather forwmidable, however, it i easy to shnw that the mean and
standard deviation have the expected values

w,.> = W
AV (17)

o = W //E

As N becomes larger, this distribution becomes more and more peaked around
W. 1In the limit of large N it gofs over into a Gaussian

2

Av-E) / 2v

. N (W 2
PW,) = /55

(;8)

ci|-
n

Note that N wmust be on the order of 1,000 if 1t is desired t¢ use the Gaussian
iimit to predict rader false alarm rates. This 1is because the Gaussian ap-
proximation 1s weaker in the high amplitude tail of the distribution. Equatior
(16) may be used for any value of N.

It is interesting to compare the process average before absolute square
with the process absolure square before average. The first prccess does
not charge the final distrihution function from its unaveraged form but
reduces the mean and standard deviation by 1/N. The second process yields
a very different distribution functior from the unaveraged case. The mean
is not affected but the standard deviation is reduced by 1/°N. Thus, the
first process is superior for clutter reduction p-irposes.

e e -

7.2 Data Aralysis

In this section, comparisons are made of the results of the previous
section with data from the LWL-SURC airborne radar system. The main
objective will be to test the probability distribution for the absolute
square of the amplitude of the clutter signal (Equation 8). If this formula
i{s found to represent the data, it follows that the other distributions
derived in the previo s sec.ion should alsc be valid.
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The stationarity of the clutter is also tested. Statiomarity indicates
that the mean and the autocorrelation function of the ciuiter object density
are constant over tne area in question. In other words, stationarity indicates
that the distribution cf clutter objects is homogeneous. Of course, if the
clutter objects occur in clumps or patches they cannct be stationmary. If
the clutter object density is stationary, the backscattered radar signal
is also stationary. Since the positions of the scattering objects are of
interest and (trees) are almost certainly uncorrelated, the question of the
stationarity of the clutter object density autocorrelation functior as no
meaning.

Note that stationarity was not assumed in the previous section. Station-
arity was not needed there because the averages were really ernsemble averages.
Therefore, the shape of the distribution does not depend on the stationarity.
Of course, encemble averaging and spatizl averaging must give the same result
ac we «ssume all naturzl processes are ergodic regardless of stationarity.

If is important to test the stationarity of the data as this property is
viral for some of the clutter reduction systems under consideration.

For our itediate purpose, the details of the radar system are ignored,
consider it as a black bex which gives an output proportional to the absolute
square of the signal received from a given element of terrain surface. The
radar, as used here, has only one range bin, about 160 feet wide, and a
large number cf azimuth bins or elements, which vary in size. These azimuth
elements are formed by a digital filter and are sometires designated by the
frequency of the filter element. Note that a linear operation does not change
the distribution of a Gaussian variable. Therefeore, the spectrum weighted
digital filter at the output of the radar does not affect the shape of any of
the distributions predicted in the previous section. As the radar flies along
it makes records of the signals received. For this data, one output is avail-
able every second. In this time the aircraft meves about two cell widths.
Designave a singie output number as W, , where 1 refers to the azimuth fiiter
element number and { te the 5equencialJrecord number. The fact that individual
trees are moving into and out of the celi during the measurement also ha: no
eifect on the form of the distribution. The motion of the range cell has
the same effert as pre-absolute square averaging. This will be shown iu
greater detail in the next section.

Now the output for different azimuth e.2ments vary greatly in average
value, because the azimuth elements are nct all the same size nor are they
illuminated equually by the antenna. Therefore, in order to put the data
in a more usable form, normalize the output of each elemental fiiter by
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dividing it by its own aversge over all records in an experiment. Call
thia normalized quantity Vigs then

w
™ 11——-—— y
vij , g (19)
- ¥
M j=1 i3

where M is the number of records ir an experiment. Since M is fairly large
(usually on the order ~f 2T or sn), we are effectively dividing Wy by its
own average. Therefore, the mean (ensemble average) of any of the wij is
unigy

<w > = ] (20)

By this normalization we have divided out the effects cf the antenna pattern
and the variation in azimuth element size. Figure 7.2 shows 2 plot of wyg

for Experiment 352, Variable 1, Record 1, made with the SURC UNIVACL computer.
Here w is plotted against filter element freguency. This data was taken
front-leooking so that the clutter data lies hetween 0 aud 30 Hz on the X axis;
this corresponds to the entire 180° forward azimurh sector. Xcote that the
date do scatter quite wmarkedly.

The w,, are proportional to the absclute squares of the received clutter
ampiitudes,’therefore, their distribution should be yovernzd by Equation (8).
Siace the wean of all the wi is onre, Equation (&) reduces te

This must 2wld for all of the Yoo in spite of thie fact thet the azisuch
elemert size and therefore the fitmber of scattering otjects measured per
sample varies with the index 1. Siuce they all have the same distribution,
congider all of the w;, as one set of equivalent samples of the random
var.able w. This is the only way 1o obtain enough points to plot a distri-
bution from the data of one experiment.

The distribution is computed in the usuzl way. The w range is divided
into a number of sectors or binds and the number of data roints in each
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btin is counted. The prcbability density corresponding to the midpoint of a
bir is

(number cf points in bin)
(total number of points) X (width of bin)

(22)

Each point thus obtaired has an uncertainty given by its standard deviation

o = V(number of points 1in bin) (23)
P (total number of points) X (width of bin) -

Ignore the small additicpal term in the standard dev.ation arising from the
uncertainty in the normalizing factor for the W . This term is always small
rcompared to the wucertainiies given above.

The cara probability distribution for w from Experiment 352, Variable 1,
is shown (n Figure 7.3.The probabiiity de-<i ;, (P(w), is shown plotted
against w. The data fro' the entire forwa.d 180° sector of records 1 through
9 is us>d. 1lhe vertical marks at the bottom of the page show the limits of
the bins inte which tre data has been divided. The error bars indicate the
standard deviation. The solid line in Equation (21), the theoretical
distribution. Nnte that this line has ncot been adjusted or fit to the data
in any way. The fit is seer to be remarkably good; all of the points are
within or very close to a standard deviation from the cheoretical line.

In cordev to test the data for stationarity, we shall compute N puint
a-2rages of sections of the data and compare these. If the data ig truly
stationary, these averages should 11 be within a standard deviz.’lun cf
the mear. Deciding how many points to take in an average is dif.icvir, 0m
one hand, N should be large enough to make the standard deviation small
compare. to themean. On the other hand, if N is too large. any poscible
inLomogeneity 1ir che cliutter density may be missed. After scme experimenta-
tion, it was decided to use avecages of 15 points. VWe ..ilize the zmall
normalized data which was used for plotting the distrikution. Let us call
these averaged quantities w .. We then have from Equation (17) chat

< > =
"Av 1
O = == = 26 (24)
+V Y1s

We would lirz the region averaged to he more or less rectangular in shape.
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Clearly, a long sirip is not appropriate as one expects inhomogeneities in
the vegetation density to occur in clumpe. The averages used here are five
contiguous azimuth elements taken for three contiguous records and located
at a skew angle with respect to the direction of flight. For example, cne
average might consist of azimuth (doppler frequency) -=lements I through 25
of records 1 through 3. Thus the area included in one averzgs would look
something like Figure 7.4, where the rough diwmenrions are shown for Experiment
352. Of course, the upper :- . lower voundaries are slightly curved zand the
side boundaries are ragged. .1lso, as most of the data presented here is
front-looking, there will be two such arzas, one on eitter side of the
aircraft, included in zach average. £L25, sinz: thz aircraft travels about
two ¢21l widtks per record, there is a complicated overlapping of the
individual arez elements. None of these gualifications is very serious and
this method should be adequate to give some idea of the ciuttzr density in
the area covered by ezch average.

Averaged data from Experiment 352, Variable 1, are shown in Figure 7.5.
Values of way are shown plotted against averzge number. Average number is
an arbitrary designation for a given 15-point average. The error bar at the
left hand side of the page represents the standard deviation above and beiow
the mean. The deta used are records 1 through 9, elemental filters +14&.6 Hz
through +41.Z2 Hz. It can he seen that mcst of the points are withim, or
nearly within, one standard deviaticn of unity.

To sece vhether the cbserved scutter was really within the expected bounds,
x° test was rerformed. This resulted in a xz of 18.7 ‘or the 18 points. The
protability that the x2 could be as large cr larger than this by chance is

427 . This is very reasonable and we may state that the resuirs of this test
are compatible with the assumption that the clutter deasirv ¥3 ctaticnary

to within 26%. The variation in the data is comparable with what is to be
expectea from wave interference alone, therefore, any additional variation

due L0 changes in the clutter otject densi:y must be smaller than this.

2

4

Expeiiment 352 was performed at Camp Drum, which is described as
broken woods. The resion is described as tlat with woods of density varying
from light to moderate; the density variations were 1like patches, several
acrea in area. This is about half the arca of a 15-point average cell,
therefor2, such wvariaticas should be seen. The fact that they do not seem to
indicate that mild variations in clutter density will have small effect on
this radar. Note that the experiment described above was made with a large
depress?‘~n angle, approximately 32°, therefore, the signal travelled through
relatively little vegetaticn befcre being backscattered. This data was
from Variable 1, which means that it was both transmitted and received with
horizontal polarization.

Shown in Figures 7.6 and 7.7 are the amplitude squared distribution and
stationarity test for Experiment 352, Variable 3. This is cross-polarized
data. This data was taken simultaneously with the Variable 1 data, however,
it was :eceived on a vertically polarized antenna. This data also seems to
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follow the theoretical distribution. The distribution plot suffers somewhat
from the fact that not enough datea points were uzed. The x2 for the station-
arity test is 5.40 for 12 points. The probability ¢ a x2 thig large or
larger by chance is 93Z. Therefore, the cross-polarized data also seems to
be stationary.

Figures 7.8 and 7.9 show the distribution and stationarity test for Experi-
ment 248, Variable 1. This is horizontal peclarization data taken at low
depression angles, about 3.5°. Therefore, the signal travelled through much
vegetation before being backscattered. This data was al-o taken at Camp
Drum. With the exception of one point, the data follows the theoretical
distribution quite well. Note, however, that the stationarity test plot
shows very large deviations from the mean. The very large point at the far
right is probably a target of some kind. Excluding this point, the x% was
37.8 for 17 points; there is only ahbout 9.2% probability this cculd be due
to chance. Therefore, this data seems to be non-staticnary. We cannot say
now whether this is due to the low depression angles used or to the terrainm.

Fig'res 7.10 and 7.11 show data from Exveriment 647, Varitable 1. This
data was taken in Tully Forest, in the rolling hill regicn south of Syracuse,
New York. The depre¢sion ngle for this experiment is about 30°. Figure 7.1
shows that the data is clearly very non-stationary. The distribution from
the theoretical line, in the form of a tail at large values of W. Both
of these effects are prcbably asseciated with backscatter from sharp facets
of the hillside or ravin2sz. As was pointed out earlier, the theory is not
expected to work in such a caszc.

We conciude then that the clutter can be taken as staticnary to within
about +252 in some realistic cases. wWhen rh: vegetation is very patchy or in
hilly terrain, the clutter w::1 be non-s.ationary. The theoretical probability
distribution obtained in the previous s:ction fits the data very well, except
in the case of hilly terrain. Hence, the theocsy may be used with some
confidence for evaluating signal processing systems.
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8.0 MAJOR RESULTS - OVERALL PROGRAM

A prime objective of the program, that of developing an ivexpensive
airborne radar for data collection and utilization on a real time basis was
accomplished. The data collected indicated a change of frequencies would be
beneficial. This change has progressed in orderly, planned increments.

Data collection accomplished after the frequencv change irdicates that
further work should be considered. & statistical model (presented in Section
7.0) was theoretically derived which adequately describes the statistical dara
collected.

The concept of an airberne foliage penetration radar has been economically
demonstrated. An unfocused aynthetic aperture was utilized in conjunition with
a svccessfully implemented hardwired FFT to form in a swmall package a real time
data coilection and processing system.

The uce of 140 MHz in measureme:nt of clutter returns was accomplisheu.
Cross sections of lakes, pastures and woocds nave been determined.

The lake data reinforces the data from other programs that indicates the
cross section is a functior of wind velocity and directicn of the measurement
since the returns are a function of the wave frcats and crests. Of particular
interest is the method of recucing the effect of the "horns™ in the processed
data, i.e., the wethod of computation car result in the elimination of an
expected, “ut undesired result.

Pasture data indicates that returns from fences, occassional trees and
perhaps a slight roll to the land provide the majority of clutter cross
section of this environment. As shown in the following table, the large
differences in cross sections measured for different terrain samples actually
reflects differences in tcerrain type and is not just due to the random unature
of the scattering process.

Table 8.1 Cross-Section Data

Terrain Description Freq. Range a
cps. -

1. Open Field-flat -10 to 10 0.000013
2, Open field-rolling 20 to 50 ¢.0013
3. Woods 15 to 25 0.17
4. Same 5 to 15 0.15

E 5. Same -5 to 5 .10

1 6. Hill with scattered trees -10 to 10 0.046
7. Same -25 to ~h 0.03°

1 8. Field (unlnown target) 40 to -30 0.019
9. Same -35 to =25 0.028

L

s 1s the radar cross section per unit area of terrain surface.
0
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frequency points

Each cross section shown is the post squave average of all
is the post square

within che frequency range shown. Each frequency point
average (ove time) of 8 FFI's with I shift = 64,

Cf more significance is the forest crose section data since it is not
cbtainable from current available literature. Included irn the data base is
a substantial ameunt of data on the cross sections of northerm forests bhoth
coniferous and deciduous. The cress section of the forests, as measured,
varies in ~ lbetween 0.1 and 0.2 at 140 MHz.

The utilization of the FOPEN system couwbine¢ witb the theoretical work
accomplished has led tou the following results. Tae output of the radar,
when flying over vegetated terrain, is always a rapidly fluctuating, noise like
signal. These fluctuations are of two kinds. First, a rapid fluctuation which
is due to the random interiference of waves scattered from different trees.
Secondly, a slower modulation of the rapid fluctuations by an envelope which
is due to the actual variation of vegetation density.

It is shown theoretically that the clutter volfrage signal from 2 uniform,
random forest shculd be Gaussian White noise over a passband of doppler
frequencies corresponding to the ceuter of the antenna pattern (for a side-
looking antenra). The signal at the output of the radar (after absolute
squaring) should thereforz have an exponential distribution of amplitudes.

This conclusion was tested against SURC radar data. The data was {ound
to fit the expected distributions to within the expected standa-d deviation
for all valad cases studied., This fart allows one to fiund the expected target
detection probabjility and false alarm rate [or any given threshcld setting
and target tc mean clutter ratio, simply by using the graphs pul lished in
most radar handbooks.l 1In this way it can be seen that acceptalle rader
performanc. demands that the target s.gnal be about 13 dB above the mean
clutter signal in order that the large upward randca fluctuations of the
clutrer do not cause excessive false alarms.

ignal processing methods for a radar such as this may seeningly be
divided intc three groups, averaging meihods, subtraction methods, synthetic
aperture and focising methods. Synthetic aperture and focusing aim at
reducing the clutter by reducing the size of the resolution cell. Unfocused
syuthetic aperture is in use or thr present system. Focusing could improve
the resolution to about 15 ft. bv 19 ft., which would vield a 15 dB increase
in frarget to clutter ratic. Howuver, it seems that focusing is too complex
and axper.sive for the present s;~:em requirement. Synthetic apzrture mechols
are well known and the piresent sy:-tem is described else.unere, hence this

l"Radar Handbook' br Merrill Skoln.™, page 21-21.
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method will not be discussed further here.

Subtraction methods attempt to reduce the clutter signal with respect
to the target signal by subtracting the signal from itself at some later time.
Such methods were studied theoretically in the report by Foster and found
t- yield little improvement for the present system, and such methods were
studied using real data and obtained only marginal results. It is concluded
that such methods have little to offer for the present problem.

The most useful signal processing method for the present prchlem «eems
to be averaging. Several radar amplitude signals from the samx px.ch ¢’
ground but taken at different times are averaged together. This reaunises
that the signals be taken fror different doppler frequency bins if (he t. rget
is near zero azimuth (measured from the side-looking direction) and & ..
different range bins of the target is at larger azimuth. In this way “he
size of the random amplitude fluctuations of the clutter signals are rvl«ced,
hence the target to clutter ratio required for good detection is alsc reduced.
This averaging is equivalent to the post detection integration used in m.ny
conventional radar systems. Hence the curves published in radar handbocks
may be used to predict the performance of averaging systems. It is found that
the target to mean clutter signal ratio required for good ietections decreases
as 1/N, whrre N is the number of points averaged, as long as N is less than
about .5. tor larger values of N, the ratio tends toward 1/N . of course,
these staten:nts require that each vaiuve averaged by statistically indepenc °nt
of all the others. It is shown thcoretically in rhe report by Foster that this
requires a minimum time lapse of T/2 between points averaged. Here T is tie
time length of data in each discrete Fourier Transform. In other words, abou.
half the data in each discrete Fourier Trznsform should be made redundan* in
order to obtain the maximum number of independent points for averaging. Much
larger redundancy factors have been experimentad with using real data at tho
SURC computer. There seems to be some slight indication that redundancies
larger than 50% are of use, but the issve is not clear. In any case, the
difference is small.

Most of the theoretical results quoted above are computed on the basis
of a uniform forest with no other forms of clutter present. Nonuniformity
makes little difference as long as the variation is slow with respect to a
resolution cell. The computaticnal results are not changed for N less than
about 5, which is the case of most practical interest.

The actual improvement to be expected Iiom averaging with the present
system is hard to estimate as it depends on many factors. If the target is
directly broadside of the ajrcraft, it remains in the range cell a long time
and many independent pnints are available for averaging. If the target is
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ahead of or behind the aircraft, it passes through the range cell quickly

and several range cells are necessary if the target is to be tracked. Summing
the target signal as it passes through several range cells is quite difficult.
Assuming this can be done and taking the number of range cells to be the
present number of 3, the number of independent points available for averaging
(over the entire arc of the range cell) is 3. Hence about 5 dB less target
signal is required for good detecticn than for a system without avecsging.

No such processor has been made to operate at present due to the dii“iculties
involved in tracking the target through several range cells. Several methods
of accomplishing this are being considered at the presert time.

8.1 Major Results - Detection Analysis

The main object of the radar is to detect tactical targets in foliated
environment. It appears to be possible to detect large tactical targets in
all but the heaviest types of woods using the present systein operating at
51 MHiz. Unfortunately the present test program was not able to demonstrate
this due to lack of time ind funds. However, since tne radar cross section
of the vegatation has hcen measured and the cross section of tactical targets
is known from other work, it is possible to predict the performance of the
radar from theory.

The radar cross section of a small truck has been measured at a frequency
fairly close to 51 MHz.“ The maximum value is 2,000 sq. ft. and occurs at »0°
depression angle. The average value for depression angles is the range
20° - 40° is about 1,000 sq. ft. These values are said to be the median values
of measurements taken over all aspact angles. These values are ir rough
agreement with a simple theoretical model used to predict ac-~ _.o0ss section
at these frequencies.

The radar cross section (with the targets at proadside aspect) will
increase roughly as the square of the target dimensions. Hence a medium-
large truck might be expected tc have a cross section of about 5,000 sq. ft.
We shall rather arbitrarily take this as the size of the target to be
detected in this example. A target of this size might also be made up of
several smaller trucks or tanks in 2 group.

It must be recognized that, at this freguency, trucks car only be detected
at aspect angzles fairly near to broadside. Since the width of a truck is less
than a half wave, the cross section is very small off the ends. Hence, ir
order to search an area, it wculd be necessary te fly over it from several
different azimuth angles.

2"Long Range Standoff Radar Surveillance Study" by W. Chudleigh and S. Moultonm,

Control Data Corporation report AFCRL-TR-73-0145, Figure 3-1.
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For the sake of this example, we will assume the truck to be hidden in a
medium density forest, such as that found at Vincent Corners. This woods 1is
described in Section 6.3. This woods was very uniform and had a mean c¢_ of
0.02 at 51 Miz, measured at 20° depression angle. A study of 7_ vs. degression
angle was not performed at 51 Mz, however, experience at 140 MHz, as well as
general results from the theory of random scattering, led us to believe that
o, varies only slowly with depression angle. Hence the above value of ¢, can

probaktly be used at 30° - 40° depression angle, which is the optimum range for
detecting trucks.

Let us assume that the aircraft flies at a height of 2,00C ft. and a
depression angle of 40° is used. The slant range is then 3,100 ft. and the
area within a single resolution cell is 20,000 sq. ft. This area is then
multiplied by o, to obtain 400 s3. ft. mean clutter cross section per resolution
cell. The target to mean clutter ratio is therefore +11 dB.

We must now calculate the probability that the target may be detected and
an expected false alarm ratio. Even at 11 dB above the mean, there is an
appreciable upward fluctuation of the clutter signal may cause a false alarm.
This calculation is made simple by the fact that the signal backscattered from
a reasonably uniform forest is a Gaussian process. The detection probability
and false alarm rate may therefore be computed from the graphs published in
most radar handbooks. Using the curves given in Skolnik's Radar Handbooka,
we find that for a 90% detection probability and an il dB targnt to clutter
ratic  the i{lase alarm probability is 1073." This is the false alarm probability
tor a single measurement of a single cell. If the forest covers the entire
radar screen, the false alarm rate for the total presentation must be computed.
Abcut 15 resolution cells are displayed for each presentation. In order tuat
any target will be in the range cell for at least most of one DFT period, 2
presentations must be computed per one second DFT period. Hence 30 resolution
cells per seoond are displayed. Therefore the false alarm rate for the entire
display is .03 per second or about 2 false alarms per minute.

This is too high for most practical use, however, this is computed for the
display system as it now stands with only one range gate displayed. When all
3 presently available range gates are displayed, a certain amount of averaging
will take place in the refresh buffer of the display system. This is anologous
to the video integration which takes place i- - conventional PPi radar. 1lhere
are some difficult questions involved with t fact that che target will

3G.M. Foster, "A Study of Clutter in Moving Platform FOPEN Radar." SURC

D 73-190.
6Merrill Skolnik, "Radar Handbook," pages 2-19 to 2-23. These curves are for

linear detection rather than square law detection as used here, however,
the difference is only a fractior of a dB.
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straddle two range bins part of the time, however, it is felt that the loss
due to this fact will be small. We will take the performance of the system
with 3 range cells to be equivalent to 3 pulse video integration. We then
find that a 90Z detection probability, an 11 dB target to clutter ratio yields
a false alarm probability of 10719, This 1s a false alarm rate for the

entire display of only 10-3 per hour. This is clearly negligible and the
system could be used effectively in this situation. About 2 dB of target
signal could be sacrificed and acceptatle performance still obtained.

The clutter we have been discussing “ere is distributed clutter, {i.e.,
the ~lutter is distributed more or les: .venly over the resolution cell. Ore
must also consider discrete or point target clutter. This clutter is causad
by objects of large cross section which are much smaller than the resoluticn
cell. Examples of such objects are small, very dense stands of very large
trees, small but steep hills, man made objects such as power lines or buildings.
Such clutter is indistinguishable from the objects we wish to detect and
cannot be reduced by averaging. Very little can be said about such objects as
their occurrence cannct be predicted. However, suca objects can usually be
visually seen from the aircraft and can then be disregarded.

1f we now turn to a more dense tvpe cf forest, such as that found at
Swamp Road, we find the situation is more difficult. This region contained
some very large trees and the vegetation was in general very uneven. Some of
the larger returns observed were probably discrete type targets. The average
returns in the denser areas were about 5 dB higher than at Vincent Cormers.
Acceptable radar performance here would require a target cross section of
about 10,003 sq. ft. or an increase in the number of range gates to 8 (for a
5,000 sq. fr. target).

1t should be menticned that these estimates of detectability do not
include the important factor of operator training. A trained operator can
often pick out targets of interest even when they are not detuvctable by
the usual threshcld c-iterion. For this reascn, the above calculations
should be considered conservative estimates.

8.2 Major Results - Radar

A prototype radar was assembled, tested, and utilized for the required
data collection.

8.2.1 Side Looking vs. Forward lLocking Radar

Additionaliy it was determined early in the program that to reduce the
clutter return the antenna had to be shifted from forward looking to¢ side
looking. This change effectively reduces the clutter that impinges on the
filter elements therefore the signal to clutter ratio is improved. As
indicated in Section 8.5, "Polarizafon Study Results,” the forward looking
radar was utilized and data presented, however, the balance of the data
presented was collected u~ing the side looking radar.
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8.2.2 Focusing

The tests also indicated that the use of 146 MHz does not seem appropr ate
for this type radar without more sophisticated techniques of beam focusing
to reduce the resolution cel.! to 15 feet by 15 feet. When operating at 140 MHz
the clutter return and the standard target return were inseparable. The nced
for an additional 10 dB for reliable target resolution was indicated.

Going to a focused synthetic aperture system would yield considerable
improvement in target detectubility as indicated in SURC TD-73-190. Although
such systems could probably be made to yield acceptable detection rates, they
involve considerable more complexity and cost. Thus focusing was outside the
scope of the program, but may be worthy of consideration for future effort.

8.2.3 Carrier Frequency

In the search to further improve the target to clutter ratio a modification
was made to the radar to change the carrier frequency to 50 Miz. Theory
indicates that when considering tree trunks to be dielectric cylinders with
diameters much less than a waveleagth, their cross section should vary as the
fourth power of the frequency (in this frequency range). Therefore, for a
threefold frequencv reduction a 20 dB reduction in clutter cross section should
result.

This modification was com™leted and a comparison of results of the
processing of test data at botn frequencies are presenteu here:

Test Area ¢ at 140 MHz J. at 50 MHz
Swamp Road 0.84 6.3
Vincent Corners 0.15 0.022

(boot shaped woods)

These results indicate a significant improvement {n the target to clutter
ratio at 5C MHz. These results warrant a recommendation that further work be
funded for this pr-aising svenue oi investigation.

8.3 Major Results - Data Analysis System

A complete prototype data analysis system was devised, fabricated an’
tested for use as the processing portion of the airborme foliage penetracion
radar. In doing so, the concept of a real time reliable detection an analysis
system was demonstrated.

An operators position complete with display and kevboard was developed
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and utilized. As pictuvred in Figure 1.1 the position provides for real
time airborne monitoring of data collection.

The processing routines developed for the data analysis and display
systems are illustrated in Section 2.8 and completely described in the cperation
and maintenance manual provided with the system. These routines have been
shown to be necessary and extremely useful when utilizing the system.

8.4 Major Results - Data Collection

The airborne data collection experiments have shown:

1) A close correlation between the knowvn terrain and
the collected data.

2) That the collected data was sufficiently reliatle 2o
include in *he data base.

3) The ability to experimentally determine radar cross
sections of both point targets and distributed clutter.

4) At 140 MHz ceriain background environments result
in puvor target resoiution.

5% That operation of the radar at 50 MHz enhances the
clutter tc target ratio.

The Vincent Corners Tests vielded the most significant results, they
were:

) Fence lines and large stands of woods can give returns
as stron as the standard target.

2) The use ol a simple threshcld detector in this
environment is not practiral.

3) Man-made objects and natural objects with sharp changes
in cross secticus cannct be separated from other corner
reflecter-like objects such as trucks.

4) The standard target return is discernible and measurable
{(Althouzh tests were conducted with the target in open
areas and not shaded by trees).

5) The calculated spectra and observed terra.- are closely
correlated.
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In addition, the other tests provided results which included:

1. The close correlation o¢f the calculated and measured giint radar cross
section of a helicopter was very encouraging. It is noted that the
tactical usefulness of glint radar cross sections is probahly minimal
since it is hig.ly dependent angle of arrival the broadside iiluminzation
ot & vehicle, Other attempts to correlate the recordsd veturns with
expected returns were less successful than at the Abe:rdeen Pro ing
CGrounds due to test conditioms.

While experimentally .asuccessful, auring the test period, it should be
emphasized that the :aisgnitude of the glint cross section of a panel
truck or armored perscnnel carrier should be sufficient to discern
from the backgromd clutter c¢f the environments tested.

2. During the contract period significant portinns cof the coliected data
were incicded intc the data base. Especially noteworthy are cress
section measurements cof forest environments that are noc crrrently
found in the available lireratures (- for northern forests are on
the order of 0.1 and 0.2 at 140 Mz ).

8.5 Major Results - Polarization c¢f Signals Backscattered from
Forest Terrain

The analysis has been derived from data colleczted under contract
DAADO5-71-C-0156, tut not analyzec at that tiwe.

For this experiment a cross-polarized antenna was mountad on the front
of a DC-3 aircraft in which the LWL~SURC FOPEN Radar, operating at 140 MHz
was mounted. The transmitter was conrected to the horizontal element via
the usual duplexer system. The backscattered signal was received on both the
verticail and the horizental antenra elements and recorded on separate
channels of the digitai tape recorder. On the grcund the data from each
channel is fast Fourier transformed and the arplitude found in the usual way.

The experiments analyzed ars numbers 299 and 300 taken at Camp Drum in
Na-thern New York State and nuzbers 180 and 18} taken at Pompey Center Road
near Syracuse, Mow York, The terrain st Camp Drum -as ilat and fairly
heavily wooded wich northera pine, These pines are a small pine with trunk
disme*er 6-12 inches and verv thia branches. The region around Pompey Center
Road {s unevenly wo.ded, mostly witu deciduous type trees. This region is
not a fcrest, but contains steep tills, pasture land, houses and fences as
well as trees. This region ha. not been checked in detail from the ground,
hertze it is not kn:swn exactly what i{s within the measuring cell at a given
time. It is probable that most of the bhackscattering comes from trees of
the deciducus tyse.

In most of the daia analvsis dcne at SURC, only the borizontal received
channel has been considered. Ir wha* follews, the vertical channel will also
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be considered. First, the possibility of correlation between the two
channels will te considered. This is important because, iZf there were
correlation, 1t could be used to subrract out or reduce the clutter signal.
Amplitude corcelation was checked for by superimposing a graph of the vertical
channel amplitude output over the graph for the horizontal output taken at
the same tim®. The two graphs are then viewed with a transparency viewer,

. In this way it is easy to notice any correlation between the fluctustions.

It is o%served that there is no correlation between the rapid amplitude
. fluctuations of the two channels for any of the data. In cases where the
envelope varies appreciably, it is approximately the sime for both channels.
This is expected since trees cause the szignal for both chanuels, however,
different parts of the tree contribut to different channels didferently.
No attempt was made to test for phase correlation. It seems unlikely that
there would be phase correlation of there Is no amplitude correlation. No
numerical correlation anaiysis was performed, since small correlations were
of no interest.

The next atep «¢ the analysis 1s the comparison of the absolute magnitude
of the signal amplitule in the two channels. This 1is done by taking the
average of the anglituse of the same four points from each channel. The
ratio of these valuzs i+ then found and corrected for the cifference in
receiver gair between the two channels. The ratic (in decibels) of the
horizontal ci.annmel amplitude to the vertical chamnel amplitide for 5 such
averaged points from Experiment 299 (Camp Drum) data are shown below-

+30.8
+23.4
+25.1
+37.0
+34.5

Average +30.2 dB

The points were selected at random from the region around maxiwum envelope
amplitude®. Points from Experiment 300 (also Camp Drum) geve very sgimilar
results. It is seen that the horizontsal signal is much larger than the
vertical. Tt is hard te know if the average ratio of 30 dB has any i=aning.
This ratio is so large that the small vertical signal observed might well be
due to depoclarization effects of the aircraft. One may conciud. that the

3 -~

\ 61t shoui. ve mentioned that points taken at low azimuth angles (toward the
side of “he aircraft) tended to have horizontal to vertical amplitude ratios
smaller than irdicated above. This {s thought to be due to the difference

{n antenna patterns for the horizontal and vertical elements. The antenna
is pointed iorward, so points taken to the side are in the edge of the main
lobe. The horizontal eiement shcuid have a sharper pattern in the horizontal
plane than should the vertical element, hence the horizontal to vertical
rgiio appears smaller than it sheculd.
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average vertical backscatter is at leaet 30 dB smaller than the horizontal.
This result {s not too surprising, since the type of trees involved, northern
pine, tend tc have very straight, vertical trunks and thin branches extending
ocut from the trunks at almost right angles. Sir e the tackscattering cross
section of a dielectric cylinder, much smaller (in diameter)than a wavelength
varieg as the fourth power of the diameter, the thin branches have negligible
scat:ering cross section in comparison with the trunk. This result has

some practical importance. Any target which depolarizes strongly can easily
be detected in a pine or sinilar forest. Any target which has elements at an
acute angle with respect to the horizontal will depolarize. Examples of such
targets are rocket launchers in launch position, howitzers, men carrying
rifles, etc. Note that a 129 foot by 10C foot resolution cell of fairly
dense forest usually has a horizontal cross section of about 2,000 sq. ft.
The zorresponding cross polarized vertical signal cross section fcr a pine
type forest would only be about 2 sq. {:. A man carrying a rifle has a

cross section of about 30 sq. ft. If the rifle is carried in any attitude
other than perfectly horizontal or vertical, a large fraction of the energy
will be scattered into the cross-polarized chaunel. Therefore, even a small
group of men carrying rifles should he detectable in a pine or similar type
forest.

Finally, the pclarizaticn characteristics of trees other than pine must
be considered. It is clear that a tree whcse branches are thick and reach
out at an acute angle will -espect to the vertical, such as an oak, must
backscatter nearly as much energy into the vertical channel as into the
horizontal. Most deciduous trees fall somewhere in between the branch
dominant type (oak) and the trunk dominant type (pine).

An analysis was made of Experiments 180 and 181 taken on Pompey Cente:
Road. This region contains many deciduous type trees but unfortunately also
contains steep hills, farm land, buildings, etc. The average horizontal to
vertical power levei ratio, computed as before, was +6 dB. Clearly, here
the backscattered signal is greatly depolarized. However, one cannot be sure
this depolarization is due to trees, as it mfsht be the resuit of hills or
buildings. Hence the question of the depolarization ratio for deciduous type
trees is still open. All that can be said is that it seems likely that branch
dominant trees will depolarize the scattered signal strongly.

In conclusion, it has been found that trunk dominant type trees preserve
the polarization of the incident wave when backscattering. For a forest of
northern pine at Cargy Drum, New York, the cross~polaitzed component average
was at least 30 dB below tiie polarization conserving cruponent. This means
even very small targets which depolarize, such as men carrying rifles, can be
detected in such a forest. Other depolarizing targets which could be
detected include howitzers and rocket launchers in launch position. The
case for branch dominant type trees is still unclear, however, it seems
such trees must depolarize the backscattered signal strongly. If this is
ture, polarization methods will be of little use in the presence uf such a
forest. It has been fourd that there is li:tle or mo correletion between

|
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the fluctuation envelopes for th2 two channels. This could be used to

subtract or reduce the clutter gsignal if the rapid fluctuation could first
be averaged out.

There does not appear to be any significant correlation ir the fine
structure of the variation of the signals from the vertical arnd horizontal
receive channels. Wnen horizontal wave is transmitted and the target is
deciduous forest, the horizontally received and vertically received signals
are of the same average amplitude. When the target is conifer forest, the
vertically polarized received signal is about 20 dB weaker. This means
that certain types of targets which depolsrize a radar wave strongly, such
ag migsile launchers, field guns, etc., could be detected in a conifer forest
bv the use of polarizstion ratioe. The detection of personnel does seem
feasible from this platform bv vsing polarization ratios.
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9.0 RECOMMENDATIONS FOR FUTURE WORK

Every program being brought to a succeesful conclusion has areas of
interest that deserve additional effort. Based upon this program and previous
efforts, the following recommendations are presented for future effort.

9.1 Continuation of the 50 MHz Effort

Based upon the improvement in target-tc-clutter ratio resulting from
the reduction of the carrier frequency to 50 MHz a continuation of this effort
is recommended.

The benefits which may accrue from this continuation include: data
collected could fill a void in defining typical forest clutter. Measurements
of 9, have been made by SURC at 140 MHz. Lower fiequency values, 04,
theoretically derived, indicated an improvement of at least 15 dB should be
expected. Initial measurements indicated an actual reduction of 15 dB in heavy
forests. Further measurements could confirm these computations and such a
continuation would provide a complete in-flight test program of the system.

9.2 Continuation of Glint Cross Section Measurements

The application of this technique may be of limited value; however, the
close correlation of expected returns and actual returns indicates that its
potential value fcr specialized applications merits continuing the effort.

9.3 Addition of Focusing

It has been mentioned that a focused synthetic aperture system would
yield some improvement in target de‘ectability, but involves considerable
ccoplexity and cos’. Howeves. this system is small and inexpensive and may
well provide the basis for an inexpensive focused system. An initial feasibility
study is recommended with the ultimate objective of adding focusing to this
system.

It is felt that additjional work with multiple range gate averaging would
sharply improve detectability in distributed clutter. This work ~ould be
initially accomplished with the existing data base through injec* a of
similated target signature into the clutter data base currently av “able.
This simulation would be used tc gauge the effectiveness of additional
multiple range gate averaging.

9.4 Polarization Studies

It has been found that the cross-polarized backscattered component from
a forest of tree. of the vertical trunk dominant type (such as pines) is very
small. This allows the detection of even very small targets which depolarize
a signal (such as men carrying rifles, field guns or rocket launchers) in this
type of vegetation. If there is need for this type of detecror, it is
recommended that this method be further investigated.
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APPENDIX A

MODEL CALCULATION OF BACKSCATTERER FROM
VEHICLES AT VERY HIGH FREQUENCIES

by G.M. Foster

Introduction:

This report presents a simple model calculation of the VHF radar cross
section of land vehicles such as cezrs, tanks, and trucks. The object is to
obtain a rough estimate of the magnitude of the average and glint radar
cross section rather than to perform an accurate calculation.

The Target Model:

At VHF the wavelength is of the order of several meters and is therefore
scmewhat smaller than the vehicles taken as a whole but larger than any
"substructure' such as windows, tracks, wheels, etc. Therefore, a2t this
wavelength, the side of the vehicle presents effectively a flat plane which
makes a right angle with the ground plane. Consider (lc iisgrams snown in
Figure Al on the following page.

The side of the vehicle and the ground plane form a two-sided 90° co.ner
reflector. f the radar illuminates the target at right angles to the v:hicle
side-ground plane intersection line, i.e., @ = 0, the target will glint as
shown in Figure A2.

The term giint here is used ir its exact sense, meaning Specular reflection
from a flat surface of dimensions greater than a wavelength. It will be shown
that, for cases of interest here, this glint cross secrion is much larger than
the of f-glint cross section. In fact, the glint regi-n dominates the average
over all angles so that the glint characteristics deter ine beth the glint
cross section and the average cross section. Now the top -’ far side surfaces
are never illuminated at an angle where they might gliat (the * ~ 0 case is of
no interest), therefore, they may be neglected for the purposes of this
calculation. The front and back of the vehicle are also neglected as they
are much smaller than the sides. The problem to be solved is then that of a
flat plate of height b and length a set at right angles tc an infinite ground
plane. The gap between the bottom of the vehicle and ground will be ignored
as it is much less than a wavelength.

To proceed with the calculation, the type of radiation incident upon the
target must be specified. If the vehicle stands upon a vare plane, 1t is
clear that this radiation is a transverse plane wave. However, if the target
is in a region of dense vegetation or other obstacles, very complex wave
shapes may develop. This calculation will be done assuming plane waves
incident in order to keep things simple. The results may be expected to be
valid for a vehiclie on bare, flat ground or in light to moderate density
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vegetation 1if the depression angle is fairly large (v small). It is very
difficult to estimate how valid the calculation might be for small depression
angles or very dense vegetation.

Calculation for Flat Plate:

Tc perform the calculatian one evaluates the field scattered from a flat
plate (neglecting the ground plane for the moment) using the vector Kircnoff

integral.
-+ nd -+ -, -0-,-0’ - -+ -
E (R) = lin X E) XV'G + (n-BHY’'G + iki{a X B)G])
s
]
’: s o1 4, -4 -,
dA S VvV 'G AB- dS (1)
i where
i
: .
G = 1 cl Rz Kk = 2 n
T 4o RZ - A

R, is the positive distance from the peint x°, v, 2z~ to the observer point.
E and B are the fields at the point cf integration. n = iv is the
unit vector normal to the plate. dA”~ is the element of area. -

The first integral is over S, the entire XZ plane including the surface
of the plate. The second integral is a line integral used to represent the
line charge which occurs at the edge of the plate. This fntegral is taken
around the edge of the plate. 1B is the difference in the B field between
the ieft and the right hand sides of the path of integration. This term
arises due to the highly artificial boundary ccaditions used in Kirchoff
theory.

The fields on S may be taken tc br the sum ¢ the incident piane wave
! EO’ and the scattered field ES.

-+ -+ é?
= +
E = E, s (2)
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If the Incident plane wave teim 1s put into Fquation 1 and integrated, one
must just get back the incicent plane wave, therefore, thia term is of no
interest. Since the plate is somewhat larger than a wavelength, the Kirchoif
grproxigation may be expected to be roughly valid and may be used to find

E and BS on S. According to this approximation, the scattered field on the
pfate is equal to that which would be obtained 1f the plate were infinite and
the scattered field off the plate equal to zero. This gl res:

-+ -+ -+

E X n=-E X n

8 0
- - -+ -
E * n = E n on the plate

8 0
-4 -+ -+ -+
B X n =B, X n

8 0

and (3)

-
E =0
*s off the plate
B = ¢

s

Placing these values in Equation 1, integrating and assuming the distance of
the observer point from the target, RZ' is much greater than the target
dimensions, R2 >>a, b, yields

= a S $ )

Ii_:q A [sin sin 1 cos 2 + sin a sin 92 cos 1
- g ] + c

cos a sin 2 ces 1 sin ol os a sin 81

cos &, sin :2]

E. = A [cos a sin 52 cos ¢, + cos a sin 91 cos éz

<>

sin 2 sin 3%, ces 2, sin 5, - sin a sin &_ cos &
2 "1 1 2

"1
sin e2]
', | g 2 (R, + R,)
g X 1 2
A = -1 e X
RAR
2
—_ s+ 3
sin { T b (cos p toces 2)] .
T [
5 (cos 61 + cos \2)
— a (ein @ D3, + 8, sin 4.)]
sin { 2 (ain i sin 3 sin , sin 2), ()

-—"-— e} & PO
X (sin &y sin cl + sin ¢, sin ¢5)
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where R, §,, ¢, and R,, ¢, ¢, are the spherical coordinates cf the
transmitter and the receiver. a is the polarization angle of the transmitted
signal, i.e., a = O for horizontal and ¢ = 30° for vertical.

Note that these sclutions obey the reciprocity theorem, that is, the
signal rzceived is not changed by irterchanging receiver and transmitter
points. The solution is alsc invarient with respect t1o 3imultaneous rotation
of receiving and transmitting polarizations.

in order to find the backscattered signal, one takes v, = “2, s = 3
Because of the symmetry, may be egqual to zeroc without losg of generaiity.
This gives:

= 0
%o
4n
Eg:-i-—ﬁT—c sin 8 COSG X
2N 5 Z n ‘o 6 ai
sin( X b cos ©) X sin ( X & sim v osin %) {5)
£ s 8 ZA' sin & sin @

The first equation shows that there is no cress-polarized backscatter.
Evaluating the cross section in the ususl way gives:

[' 2 2
(S—— 1
4 2 2 isin YA cos §)

- - ~ - t‘ X
0 = AZ sin § zos © > -
cos
A
2T 2
(—Tf' 2 sin § sin #)
sz? - (6)
X sin & sin @
One sees that in this case glint occurs at broadside incidence or & = 90°,
4 = 0, The crogs section in this case simplified to:
4 2 ‘2 (7)
o = 2 a -
¢
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A more detailed treatment of the scittering from a flat plate has teen
given by R.A. Ross.l Ross calculates the radar cross section of a plate
using a2 tore accurate theory and compares the results with physical optics
thecry as well as the experimental measurements. It is shown that the
approximations used in this report sre valid for angles within about 30°
of specular reflection, which is the case of interest here.

- Effect of Ground Plane:

1he effect of the ground plane must now he Included. In order to simplify
the calculations, it is convenient to take the ground to be a perfect reflector.
For horizontal polarization at VHF, this is a quite good approximation. For
vertical polarization, it is a poor approximation except at small incidence
angles. A. hcrizontal polarization is the case of greatest practical interest,
perfect reflectivity will be assumed and verticil polarization neglected.
The problem may ncw be solved simply by the method of images The field above
a perfect ground plane may be found by mirror reflacting all objects and
radiation sources in the ground plane and then iguoring the ground plane.
The reflected scurces must have their polaritie:; reversed. Thus, the problem
of a plate set &t right angles to the ground 's solved simply by doubling the
height of tha plate and placing an image radiator, of opposite sign to the
real radiator, at position Ry, 180 - 3., ¢.. Using the previcus result for
& plate, Equation 4, the tackscattered field is founl tc te:

.4 n
IEB! i ——R
Ee=i——i—-§-—c 2b sin 6 cos § sin @ X

2 n
sin ¢ A
2 1
A

a sin 9 sin @)

(9)

sin 8 sin @

lE 1 i R
‘ E¢ = -i—):_}%—c A sin 8 cos @ X

2 T

(4 T b cos §) { a sin 0 sin @)

sin sin A
2n PARL . .
cos 8 sin & sin @

X A i

P
o

l‘Ross, K.A., "Rader Cross Section of Rectangular Plates as a Function of
Aspect Angle,” IEEE Transactions of Antennas and Propagation, Volume AP-14,
Number 3, May 1966, page 329.
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It {s seen that there is depularization backscatter in this case, however,
it does net giint snd is therefore always small and is of no interest here.
The desired cross section is then found to be

- 2
41
b s @
4T 2 2 sin A cos 9)
g = — sin g cos 8§ |2b - 2
XZ ——— cos §
A
2
i (ZAn a sin § sin )—}
sSin (10)
a.n sin & sin @ _J

This i> cthe final result for the radar crcss section of a vehicle-like object.
It is of interest to analyze this expression further. When the depression
angle is small, ¢ %~ 90°, the two terms in the first bracket tend to cancel.
The limiting form for small depression angles is:

2
2-"—a sin @
_ 1024 _S b 4 2 |sin (872 sin @)
=79 5 a  cos ¢ (11)
A 2 si
| X in @
where
A
g < < —— -
4 mo

Here u is the depression angie, 90 - *. This cross section falls off as the

fourth power of 1, therefore, the cross section is very small at small
depression angles. Of much greater interest is the value for large depression
angles which is given bv

2
6 [' (&2 in 9 sin §)
_ 16 2 2 ] 2 sin \ & Sin % sin
G Bosin ¥ cost BTt . [ (12)
N sin 3 sin @ a
where
A
a - g0 - —
€= 4 b
i92

e
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This has no small terms and is much larger than the small a case. This
formula indicates glint for ¢ = C at any angle 6. The glint cross section
is

_ _16nmn 2 2 2
Qb = 2 a b sir. 8 (13)

This glint should occur for angles ¢ smaller than A/4a sin 9, fcr ang es much
larger than this one obtains the ocf-glint cross section which has average
value

o = b cot @ (14)

The average cross section is obtained by averaging Equation 12 over all angles.

nj2
o, (8) =
AV n 08, ¢) a @
-n/2
- 2 a
Av T 8P = sin 8 (15)

where the fact that a/} >> 1 has been used.
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Numerical Results:

To give some idea of the size of the crouss eectiors to be expected in
practice, values are given below for a more or less typical t:-uck:

Radar cross section for a vehicle 18 feet long and 9 feet
high at a depression angle of 30° at 145 Mcs.

~

o (glint cross section, ¢ = Gy = 20,000 feet2
oG (average ~ff-glint cross section, : ¥ 45°) = 54 feet
s,, (z2verage over all ¢) = 1,500 feet

AV

width of glint peak (azimuth) 1/2 power points) = 14°

minimum depression angle for glint ~ 3°

One sees that the glint cross section is much larger than the average
value, by 11 dB. The glint occurs for all depression angles greater than
about 3°, however, the azimuthal angle, 4, must be within about 7° of
broadside incidence. Therefore, the probability of obtaining aJint for
arbitrary iilumination angie is about 14/180 = .06. However, this
probability could be made much larger if one knew the direction of the
road upon which the vehicles travelled. The very small off-glint cross
section should probably not be taken too seriously as it depends on complicatec
interference which is beyond this model to compute. However, it is probably
quite smail. The small size of these off-glint cross sectioms provide
the justification for neglecting the top and front facets of the vehicle.

Comparison with Experimental Results:

The c¢nly experimental values for the radar cross section of a truck,
below microwave frequencies, availab’e to the author are those of Steele
and sarnum.? These workers have measured the radar cross section of a
truck 22 feet long, 1! feet high and § fee:r wide. The measurements were
performed at 26 Mcs., using a standing wave method. They report free space
values, having subtracted out the ground plane effect in an approximate
manner. Therefcre, their results must be compared with the plate without
ground plane solutions, Equations 6 and 7. These measurements are made with
the antenna on the ground, therefore * = 9G°,

3

“Steele, J.C., and Barnum, J.R., "High Frequency easurements of Radar
Cross Section Using tie Standing Wave Method,' Stanford Electronics

; Laboratories, Radio Science Laboratory, Technical Report # 127, March 1966.
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Radar cross section of a truck at 26 Mcs.

Aspect Angle, ¢ Stanf ,rd Value This Calculation
0° 300 feetz 480 feet2
45° 21 feet? 20 feet?

The rather good agreement is probably somewhat fortuitous as the
dimensions of the truck are somewhat gsmaller than a wavelength and Helmholtz
theory is only truly valid when the wavelength is much smaller than the
target.

Conclusions:

In conclusion, this analysis has shown that glint is an important
factor in detecting targets with VHF radar. The glint cross section is
quite large, 20,000 feet? for a moderate sized truck and on the order of
10 dB larger than the average cross section. The giint occurs for aspect
angles within about +7° of broadside incidence and is apprcximately independent
of depression angle. In order to have a high probability of obtainiung a
glint return from a given vehicle it would be necessary to illuminate a
given piece cf ground from all azimuth angles from 0° to 180°. This could
be dome by utilizing a number of range gates and flying over the region of
interest and observing each segment of land at different times. The number
of range gates equired could be reduced by making several passes over the
same territory trom different directions. The problem would be uuch simpler
if one knew in advance the avproximate direction of the road on which the
vehicies travelled. One would then simply fly parallel to the road (if
sidelooking antennas were being used).

Tae theory given here is very approximate. The short wavelength
approxamation has been used extensively im spite of the fact that the
target is only slightly larger than a wavelength. All of the details of
the structure of the vehicle have been ignored as has been the gap between
the hottom of the vehicle and ground. In spite of this, the calculation
probably will give reasonable estimates of cross sections at frequeacies
of interest. The largest approximation is to ignore the diffusing effect
cf the vegetation on the incoming wave. ([t is very hard to estimate this
effect but it protably ma2y be ignored if the vegetation density is not too
high and the depression angle is fairly large, i.e., if the incoming wave
only has to penetrate a few hundred feet of veg:cation.
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APPENDIX B

MAP DISPLAY GFOMFTRY

The map displays are generated from a single range gate using the doppler
frequency dependence on azimuth. 3ince the range gate describzs a circle on
the ground, the relationship between the x and y coordinates is known. The
expressicn required then is the doppler frequency of each point on that circle.

L

is looking at a target at pcint T onm the ground. The aircraft has a velocity
along the y-axis toward the left. This is equivalent to a ground velocity
of equal magritude but opposite directions. A iine is drawn from the target
and perpendicutar to the x-axds. A third line drawn from peint x to the
aircraft forms the right triangle XTZ.

Figure Bl shows the geometry of the situation. The aircraft at point Z

The doppler frequency, FD’ is given by the following expression.

Foo= — 69

4

vhere V_ is the radial velccity of the target and X is the wavelength of the

radar. 'Since the velocity vector triangle is similar to the triangle XTZ we
have,

vV = Vg sin 4 (2)

Where V_ i3 the ground velocity and ¢ is the angle shown ir Figure 1. We
can elifiinate the angle ¢ from the expression by using the large triangle,
XTZ.

y
gin ¢ = E& (3
s

where y 1s Lhe y-coordinate of the target and R_ is the slant range of the
radar. “Combining these exgressions gives the foilowing equation fur the
doppler frequency as a function of the y-coordirate of the point along the
circle deacribed by the range gate.
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2V y
fy " R ng (4)

Equation (4), then, gives the doppler frequency caused by any poiat
along the circle. The range gate projection on the ground is given by,

2 . g2 (5)

The map on tne display is generated as an arc of a circle with a
variable grey scaie. The arc is defined by the folleawing equation.

= 2 _ - ; € < < 2
Yp + /gﬁ (rD xD) st 0 < xy < rD/
or
= + -
Yp 2xDrD x
Note that the origin of the circle is at (r_, O). , ¥, are the display

coordinates and r_ {s the radius of the circle on the display. (See Figure B2.)
The limits for x testrict the display to a 60° arc.

Equaticn (6) defines the path of the display element. The grey scale
used at each point is determined by the signal strength at the given deppler
frequency. This doppler frequency is derived from Equation (4) with a change
of units to display position units. This is done as follows

- = €]
y Yo

[}~
lal
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The heavy section of the circle is the arc used to generate the display

Figure B.2. Map Display Arc
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here R
where c

1s the target ground range.

Then Equation (4) becomes

2
] v RC ,
D AR
rD D

or, in terms of XD

where tg
The grey
contents

and

The FFT of N data points produces N frequency bins.
have a frequency width, 1F , as follows.

2V R e
& v2 r - )(2
D R T, 55 X (8)

-
=]

Each of these bins

B N ¢t 9

is the sampie rate (the time delay between individual sample points).

scale of a point on the display arc is, then, determined by the
of frequency bin j.
2Nt _ V_F —
= - S G y/z.«. X _ xZ (10)
J AR r DD D
s D
y. = V2r. x -x2 (6)
D DD D
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Thege two equations, (8) and (10), define a single arc on the display.
The display is shifted between srcs in order to correspond to the alrcraft
motion. Thisg salft, irn display units, is given bty

§2) ‘) (1)

b

where g is the shift count (the number of samples which the data is shifted
before the next calculation).
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APPENDIX C

ANALYSIS OF MOVING TARGET CASE

For the purpose of this discussion, a moving coordinate system is chosen
with the origin con the eircraft, All angles are measured from a line

perpendicular to the motion of the aircraft. (See Fijure C.1.). The target
velocity is assumed to be constant.

The doppler frequency of the target is given by:

2 cos 8
- L0 '
f x R

where:-

ey
n

doppler {requency
= depression angle

wavelength

g;< >’tjb o
n

= total radial velocity
for simplicity, the variable K will be used as {ollows:
2 cos _6n
K -

co
- A

and

The radial velocitv is given by the following equation as derived
from Figure C.1i.

VR=VgsinC-VTcos(¢-p)
where:
Vg = velocity of the ground due to motion of the aircraft.
VT - target velocity
p = angle to target
§ = angle of target velocity
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Figure C.1 Model for Derivation of Velocity Equation
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In this case, two measurements are made., One at first coantact, ahead of
the aircraft; the second at last contact, after the aircraft has passed the
target. This yields two measurements of doppler frequency.

f V Ksino, -V Kcoqv-pl) (1)

Dl g 10T

£D2

YV K sin p. - V. Kcos( ¥- 7)) (2)
g 2 T 2

The distance traveled 1s also of interest and can be given in two ways,
geometry and, velocities and time.

AX = R cos pZ-Rcos pl
AY = R sin pl—Rsmp2
wre V_ AT sin y
= - sin ¥
Ay = VgAT T v
= V_ AT cos ¥
&X T v
or i
vg AT - VTAT sin § = R sin P, - R sin P (3)
VT AT cos ¥ = Rcos Dl - Rcos P, (4)

Expanding Equation (1) vields:

f

D1 i - i - V_ sin ¥sin ©
T = Vg sin pl VT cos Y cos p1 T Y )
substituting for VT cos . and VT sin . from Equations (3) and (4) gives
f 2
D1 . R - PO )
—}—{:— = Vg sin p, - A1 (cos Py cos 7 cos Ql sin P,
+ sin pl sin 02) - Vg sin Oi
or
fDl R (5)
w T RT (oesta )
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Simiiarly for Equation (2)

bz _ __R_ 3 - 6)
== = - (1-cos(p p,)) (
Therecfore
= - (73
b b2

The two doppler frequencies measured are equal in magnitude and opposite
in gsign.

Now subtracting Equation (2) from Equation (1),

{ -
DI 1'DZ =V (s . v T
— = g smpl-sn, pz)- TLCOSH-DI)-
cos { §¥- DZ)J

Expanding:

{

D1 - Dz 'z =V (si inp)- V[

% p n pl sin p,) - V., cos § (cos ;1 -

cos pz) + sin 'Hsin;;1 - sin pz)]

Substituting zgain from Equations (3) and (4), but this time for (cos 0y =
cos ol) and (sin p, - sin 02).
i

.. -f
._P_I__QE. - par . s AT r 2
R —Vg,.':_;\;-‘vg—VTsm gf)rVTT LVTCOS ¥

2
-V sin y+ V__ si
gsm'q'a 1 Sin V]

or

TS
o]
~N

2 2
—_— - = (v -V i -
K AT “Dl iDZ} (v VT sin §) + V_ cos ¥ (8)
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Summarizing then, the following equations are of interast:

2

o SR,

K AT - cos (9

f

Dz ___R_ ., cos (b -
K AT 1R
R £ - r
KAt Upi” Dz)'(\g

T

- o))

Ty

2
-V_sin §) + V., cos ¢

T

(5)

(6)

Note that the right hand side of Equation (8) is nothing more than the
magnitude of the resultant target velecity relative to the alrcraft.

Equations (5) and (6) show that the two measured doppler trequencies are

not independent but are equal in magnitude.

The true azimuth of the target is the one plece of information missing
here. The magnitude of the resultant velocity and the subtended angle
(or equivalcncly cthe distance of clussest approach) are both given.

A discussion of detection crirzeria follows.

Assume that the spectra of the processed clutter has a Gaussian

distribution.t

=3
<

amplitude in volts
standard deviation

robability when no
arget present

er

amplitude of signal
due t¢ target

1Schwartz, M., "Information Transmission, Modulation and Neise,” Second
Edition, Brooklyn Pclytechnical Institute %evies, McGraw Hiil Book Company,

New Yorx, 1970, pp. 330-338.
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Probability of false alarm is given by
fe ]

P =P = J( f (v) dv
i
a false alarm N 0
% 2 2
1 j -v [20
—_— A e dv
w5
2 2
Let y = v /20
then y =vl/J2 o
dy = dv /J2 o0
2
P - “ ey
fa = J A e y
2./2 @
A
2
1 2 2J2 © -
= = J e’ dy
0
- 2 J" v
Since erf{x) = ——— e dy
N T 0
Pfl alrm= 2-(1—erf L )
alse ala 2 /2
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"te following information pertains to Figure C.2.

d is the threshold level.

dopt is the optimum threshold ievel.
1 1
for Pno target 2 PLerge’ = 2
dopt = 0 This is the crossover point of the two

probability distributions

L P0
In general dopt = T lne —FI—

P, = probability no target (clutter only)

la-]
"

nrobability of a target

@«

d
exror - Fo J~f0 (v) dv + Py J £y {vi dv. ’~ap Fig. C.3)
LN ~— -/ N J/
a -]
mistaking clutter Mistaking target
p
el for target el for clutter
A proof of Equation (9) follows:
Minimize P
error
error \
= - dy + P, f (d
53 0 Py f, (di  § @
{1 (d) ) IDO
P
fo (d) 1
2 2
1 ~{d-A/2) [20
fl dy = ———— e
J2n EK:
2,, 2
£ (d) | -(dt AJ2) j20
2 e—————— ¢
2 V;z-;r-sz-
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Figure C.2 Probability Curves
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If a probability of error of 10—& is desired, then the signal-to-
noise ratio must be 7.4. This means that the signal, A, must be
greater than the standard deviation, G, for acceptable probability
of error.

Figure ¢.3. Error Distribution Curve
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d
fl() - 5 _ po
fz(d) 20 - P,
2 2
2 dA A 2 dA A
- [d" -2 +4]+[d+2274]_]np0
202 eP1
dA dA 2
————— o -
(2= + 2 2)/z h«e(Po/pl)
da po
—— = In
o e P
1
d = 02 In PO
opt A e P

Th.s is the optimum threshold level where main (noise clutter) lies at

- —%— and means signal plus clutter lies at + —%—

P = probability of clutter only

P, = probability ot signal plus clutter.
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APPENDIX D

TARGET-CLUTTER SIMULATIONS

A FORTRAN progr=m package exists which creates a fake condensed data
tape (CDT) of computer generated data. This format is compatible with ill
LWL spectral analysis programs, and thus can be used to test the programs
and to simulate various target-clutter situations. The two main programs
in the package are DATGEN and FAKCDT. DATGEN, which can be easily modified
at the experimenter's option, is executed first, and creates a scratch tape
of data for use by FAKCDT. FAKCDT, which operates relatively quickly,
properly converte and formats the data to create a fake CDT.

DATGEN

DATGEN writes 5312-word recores of one's corplement integers onto FORTRAN
Unit 1. The maximum absolute value allcwed is 2047. .. A file mark %s written
after each group of records representing a variable, with a {inal file mark
at the end tc provide an end-of-tape designator.

rAKCDT

FAKCDT uses the data on FORTRAN Unit 1 to create a fake CDT. Tor each
data record, a validity check is performed Lo insure that the maximum absolute
value of each data work is 2047. (If not, the error is reported and the
program stops.) Each data word is then converted to a 12-bit two's complement
word (sign + 11 bits). A 513-th and 514-th word are addzd to the 512-word
record, as follows: Word 513 is the integer 512l , designating the number
of data words in the CDT record, and word 514 is ghe stuncheck of the first
512 words. The converted and formatted record is then written onto FORTRAN
Unit 4 in the 2-byte mode. Appropriate header information is required by
FAKCDT as input and is written out as required on the CDT. As currently

configured, the fake CDT has two experiments, each of which has seven variables.

24 August 1973

Experiment 1

Variabie *
i Gavssian random noise,
2 Gaussian random noise "
3 50 Hz cosine wave + Gaussian random noise
4 50 Hz sine wave + Gaussian random noise
5 In-phase channel of target simulaticn no. 27 }
6 Quadrature-phase channel of target simulation no. 27
7 Gaussian random noise™

212




Experiment 2
Variable
1 In-phase channel of linearly swept sinusnid going
from +15 Hz to -15 Hz
2 Quadrature-phase channel of sbove signal
3 In-phase channel of target simulation no. 1°
4 Quadrature-phase channel of target simulation no. 1°
5 Cosine on the 45-th line of a 512 point DFT
6 Sine on the 45-th line of a 512 point DFT
7 Sum of two sinusoids, with frequencies 17 Hz and 50 Hz
- The 17 Hz signal is 20 dB down from the 50 Hz signal.
*o

The Gaugsian random noise is generated with a mean of zero and
4
standard deviation of 2046/(2.5% 2.4) = 5728.3 ,

which, given the mechanism of the Gaussian random number
generator (see the writeup on NOLSEPAK), guarantees numbers
having absolute value less than or equal to 2046.

Target simulation no. 1 has a maxdmum absolute value of 500.

Target simulation no. 2 has a maxamum absolute value of 2047.

All other sines and cosines have a maximum absolute value of 2047.

A1l variables have 20 records of 512 words each.

Target Simulatior

Two cases of target simulation data are provided, and the _xact results
depenc con the relative numbers chosen. The following input data card 1is
required by DATGEN:

RS, DELRS, H, VG, X0L, X02
where 211 numbers are floaling-point.

RS is the slant range in feet

DELRS is the range gate width in feet, normally 100
H is the altitude in feet

VG is the ground speed of the aircraft in feet/second
X01 is the x-coordinate of target no. 1

X02 is the x-cocrdinate of target no, 2

bt 4 0
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The user must take into account that the current version of the program

(24 August 1973) computes 20 records of 512 points with a sampling interval
of 2.13 ms, for a total of 21.8 seconds. Time t = O is chosen as the time
that the target would enter the range-gate if the x-coordinate were zero.
(Refer to Figure D.1.). Thus, VG should be chosen so that the target is
covered by the range-gate during the desired simulation time. X0l and X02
are chosen after ccmputing the ground range at the inner and outer edges of
the range gate, designated by RG and RGPD, respectively. Although this
calculation must really be done by the user before executing the program,

the computer will re-calculate and print these values. If the x-coordinate
is greater than RGPD, no data (other than zero) will be generated; if the
x-coordinate is less than RGPD but greater than RG, the target euters the
range gate tangentially, does nct intersect the inner edge of the range gate,
and leaves at a negative azimuth angle. If the x-coordinate is less than RG,
the target enters the range gate, leaves, re-enters, and leaves for good.
These last two cases are illustrated as X0l and X02 in Fig.D.l; however,
during the simulation, X0l and X02 can * - rhosen arbitrarily.

Theory

The instantaneous doppler frequency for a targat within the range gr -
1. given by

where

The instantancous phase (t) 1s given by

G(t) = (f dt ,

j d
subject ‘o the arbitrary initial condition that ¢10) = 0 . It s
3 easily shown that
%
e ~‘,
2 | 2 2
o(t) = K - x + h 4
3 (1) lVO ¥ ’
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Figure D.1.

Target Simulation Geometry
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where

K = -;—J‘Z +l£ v(Rg*—ARgﬁ '

X
o]

Note that 8(t) increases as y goes from R+ AR to zero, and then decreases
as y grovs nore negative (See Figure D.27.

?(t) e(t:)1

i

~ par

Terget Position vs. Time Instantaneous Phase Velocity vs. Time

Figure D.2. Fosition and Phase Relationship as Target
Passes Through the Range Gate
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Experiments invoiving target simuiation no. 1

For this experiment the following data was used:
Rs = glant range = 3000 feet
h = altitude = 1000 feet
Rg = ground range = 2B828.4 feet
Ve = ground s, :ed = 250 feet/second

The simulated data (see Figure D.3) is recorded on condensed data tapes.
The first point of the first 512 word record is t = 0, and there are a total
of 20 records. The sampling rate is 469 Hz, for a Ac = 2.13 ms. The target
enters the range gate at t = 9.9 seconds (record 19) and leaves at 13.5
seconds (record 13). Since there 1s no noise, all other records are identi-
cally zero. During the time that the target is in the range gate, a complex
exponential is generated with an instantaneous frequency as dictated by the
geometry of the airplane and the ground (and the ground speed of the airplane).

The Univac program INTERP was used to generate a time-domain plot of the
in-phase channel (variable 3), which is presented in Figure D.3. The program
PPGUA3 was ther used to view the data in the frequency domain. Figure D.4
illustrates the segments of data utilizea to calculate the spectral estimates
shown in Figures D.5 through D.9. Note that the original data records 9.and 14
are identically zero. Figures D.5, D.6 and D.8 are average spectral estimates
covering the same data, but calculated using € 512~word records, l. 256-word
records, and 24 128-word records, respectively. The results change dramatically
as the smoothing changes, illustrating that this method of smoothing is not
suitable for this type of target data. The w.in cbjection to averaging of
this rype is that the target data is non-stationary over the time period cf
interest, since the frequency is changing relatively quickly with time.

One pessible conclusion from this analysis is that the method of pro-
cessing targets tangential to the range gate should be different from those
targets located closer in to the flight vector. This is not to say that the
software must be chenged, but rather that the input process.ng parameters
must be optimized for the targets of interest.
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Graphic {ilustration ot data used in Figures D.5 through D.9;
Shaded areas represent data used in each figure. Where more
than one block is shaded, tne spectral estimate is calcularead
as an average of the individual estimates for each block.
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AT'PENDIX E

SPECTRAL ANALYSIS

Effect of Jitter on Spectra

The sampling aperture used is roughly Gaussian in shape. Thre time
hetween the beginning of the mair pulse and the sampling event, LT =
ttransmit ~tsample)s €an jitter by an amount 1. Let r(t) be the receivad
pulse, ¢ (t_) the output of the sampling process and g(t) the sample signal.
See Figure £.1.

Assume that the sampling occurs during a time when the received pulse
has a constant slope of s volts/nanosecond.

Assume that g(t) is a finite duration rectangular pulse such that ;gp(t)
dt = fg(t) dt. The variation in amplitude of c(t) due to time jitter
© between the sampling aperture g(t) and the received signal r{t), is:

Dc(1) = cft) \t-“—t - <(t) ‘t:t + T
s s

Ides1l sampling works like this

fr(t) 6 (t8 - t)dt = r(ts) = c(t) lt =t

3

When the sampling is not ideal f(t) is replaced with g(t) where g(t)
is the aperture.

Jr(t) gt - t)dt = c(t) l

: t = ts
J T(t) glt_ - t+ Bdt = ¢(t) |t i et
Th = L~
us Lc(T) = c(t) [t -t o(tj ‘t St o4
S ] b
C‘t)lt - ts ~ jhr(t) gp (ts - t) dt i}: r(t)dt
bt T
c(t) |t =t 47 :fr(t) gp (tS ~t+47)dt = r(t) dt
s atT
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The area shaded in Figure E.2 1is the first integral and the area shaded

in Figure ¥.3 is the second integral.

b+T

b
bDe(m B rtydt- ([  x(t)dt
J S

a+T

L and I2 are‘ shown graphically in Figure E.4

(Il -IZ) = 7. 8- (b-2)
Also, I1 ¥ r(t) - (b - a)
s sk -a)
be (1) | I1 i I2 __T- s - aperture
c (t) lt - ts Il r(b; a)' aperture
Hr(b;a ) = 1 volt, and
8 & —‘-l}—volts/loo ns.
& . 0025 volts/ns.
T 2 4 nanoseconds
then Ts = .01 volts
Be(n o
c (t)l

t = tg
(Ac (t)/c (t))max = .06
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Figure E.1. Relaticaship of Received Pulse and Sample Signal
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Figure E.3. CGraphical Representation of Equation E.Z.

rigure E.2. Graphical Representation of Equation E.1l.
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The area represented by I can be shifted to the left 7 seconds so that

the beginning of IZ lines up with the beginning of Il'

> L-L,
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I, can be moved up so0 that the sloping line of 12 lies on the sloping

line of Il.

Y

Figure E.4. Graphical Presentation of Il and 12
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If the jitter is represented by a single sinusoid 7 = A sin 2 rft and
if the frequency spectrum 1s evenly distributed over 30 trequency bins, then
the jitter will cause the frequency spectrum to look like that of Figure E.S5.

If the frequency of the jitter is greater than 100 Hz, the strength of

the signal component due to jitter will be severely attenuated by the 100 Hz
low pass filter.

If the frequency of the time jitter is eveuly distributed over all
frequencies from O to 9 Hz , the spectral energy will be increased by
10-%)(1/30) at all frequencies.

FMing on the pulse is shown in Figure E.6. When the aperturc occurs
during this part of the pulse the signal will be modulated not only by the
motion of the target but also by lA. I{ FMing is a single frequency lA
sin 2-ft and this frequency is withir the region of interest, then LA/A = 5%
could be in one frequency bin but A might be in all 30 frequency bins yielding
a spurious peak 3)/400ths times greater than the clutter. If FMing was
distributed in frequency, then .nac portion of the FMing spectra within
the band of interest would add to the ciutter.

F.2 Artificielly Generated Data

In debugging spectrum analysis programs it is useful to have a data set
whose properties are known and, hence, whose spectrum can be predicted and
compared to the actual outpul. One such set consists of Gaussian random
variables, with mean zero and standard deviation -. Suppose we have N
such random variable,s all haviag identical distributions; label these
X(0), %1), . . . , X(N-1). Assume they are independent, and therefore,
uncorrelated. The discrete Fourier coefficient defined by the relatiomn:

N-1 en
A(n) = T X(R) W
kv )

s I
-j2-/N _, . . s :
where W_ = e 3 /‘, defines a new random variable. When the discrete
. . . . *
Fourier series is used to calculate a periodogram™ as part of a spectral

estimate, a quantity cf interest is the expectation of the magnitude

*
A periodogram is defined to be the set of squared magnitude discrete
Fourier coefficients.
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Figure E.5. Graphical Presentation of Frequency Spectra
Caused by Jitter

A FMung
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Figure E.6. Graphical Presentation of Frequency Spectra
Caused by FM
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squared A(n), E { | A(n) |2 }, which we shall now compute:

E{|am *] = {Am i@ ]

N-1 K-1 -in
= E{ I X(K) w:” © L X{1) Wy }
k=0 i=C
N’l N-l k"
-5 £ xeox@uI
k=0 i=0
N-1 N-1 k-1
- 1oz E{x@ @ pulehe
k=0 i=0

Now, E { X(k) X(1) } = E { X(k) } E { X(4) } for k # 1, since the random
variables are uncorrelated. Since each random variable has zero mean and
variance ¢? we have

n
N

E{ 2k x@) }

Therefore,

N-1

I E{Xtk) X(k) } W
k=0

[}

E{ IA(H) IZ} }gk—k)n

H-1
= z 02
k=0

= NUZ

which 18 independent of n. Thus, on the average the periodogram is constant
fer each frequency value, and the process can be considered a discrete White
noise process.
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We now consider a sinmgle-fruquency tone, which for simplicity will be

teken as an exact submultiple of the sawmling frequency £ :

x(t) = A sin (2nft),

sampled at an interval At = 1/f , where
s

and p and N are integers. A sample of x(t) at
uritten as

£
x(k) = A sin (2n p _Ng— kity

= A gin (27 'R;,{—) .

s’

t = kAt 1ig therefore

The nth discrete Fourier coefficient is given by

A(n) = T x@) woK
k=0 N
N-1
= §  Asin (2n BYy (o7ZMI/Ny nk
k=0 N
- A e i
23 y=o

AR ey
23 e
k=0
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0 for p¥n

0 for p # -n
i.e., p # N-n
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Therefore, A{(n) = AN forn = porn + N -p, so that

23

2
la@)!? = —@-

It is of interest to compare the sire wave power with the average random
noise power:

sine wave gAﬂn)?z 10 1 /A
2 °810 2

random noise E{/A(n) NT

il

2,
10 log10 é—%

4

This expression is seen to be dependent on N, the nuber of points in the
: discrete Fourier transform. Decreasing N by factor of two results in a
) 3 dB signal-to-noise degradaticn. This observation is confirmed using the
simulated data, as seen in Figure E.7 and tabulated in Table E 1. Keep
in mind, however, that the sine wave analysis assumes an exact submultiple
of fs’ which does not take spreading into arcount when an intermediate
frequency is used.
These calculations can also be used to calibrate the "spectrum analyzers"
so that an absolute power reference 1is obtained. In conjunction with a
knowledge of the system gains preceding the A/D converter, the cross section
of prominent targets can be calculated.
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TABLE E.1

SIGNAL-TO-NOISE RATIOS

10 10810 AZ = 66.2 dB
2
10 log10 ¢ = 54.5dB
N Calculated S Observed in Figure E.5
512 32.7 31
256 29.7 27.6
128 26.7 24.2
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